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ABSTRACT 
 
The transport and separation of oil and water is an essential process to the oil and 
chemical industries. Although transporting the mixtures is often necessary due to few 
reasons, it is generally beneficial to separate out the phases in order to reduce 
installation and maintenance costs, at the same time, avoiding safety problems. Thus, 
separation of liquid-liquid flows is a necessary part of many industrial processes. 
Hence, knowledge of two-phase flow dynamics is important for the design 
optimisation of separators. Therefore, the aim of this research is to investigate the 
feasibility of a sudden pipe expansion to be used as phase separator because it 
compact in design and capable for converting dispersed flow to stratified flow. 
 
In the test section, spatial distribution of the liquid-liquid phases in a dynamics flow 
system was visualised for the first time for by means of capacitance Wire Mesh 
Sensor (CapWMS), providing instantaneous information about the interface shapes, 
waves and phase layer evolution of oil-water flow. Visual assessment and analysis of 
the WMS data showed three distinct layers: an oil layer at the pipe top; a water layer 
at the pipe bottom and a mixed layer between them. The interfaces that form between 
the separated phases (oil or water) and the mixed layer were classified as oil interface 
or water interface. Results showed interface shapes were initially concave or convex 
near to the inlet of the test section and became flat further downstream the expansion, 
especially for water interfaces. There were no waves observed for horizontal and 
downward pipe orientations at all flow conditions and axial position downstream of 
the expansion. As for the upward inclined pipe orientation, waves were found, and 
they formed at position close to the inlet at all input oil volume fraction except at 0.2 
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OVF. The amplitude of the waves was: ~ 0.29D for 0.8 OVF; ~ 0.22D for 0.6 OVF 
and ~ 0.26D for 0.4 OVF. The higher the input oil volume fraction, the larger the 
waves become. In conclusion, the WMS results demonstrated that spatial 
distributions are strongly dependent on the mixture velocity, input oil fraction and 
inclination angles for the far position.  
 
In this present work, droplets were found to be larger near the interface. Drops were 
large nearer to the interface at the near position (10D) for all pipe orientations and 
throughout the test section for horizontal flow. The drops size decreased when the 
distance from the interface increased for these pipe configurations. As for the furthest 
position from the expansion for upward and downward inclined pipe orientation, 
larger droplets could also be seen at distance away from the interface and vice versa.    
 
The gravity or buoyant force is one of the contributing factors to the settling of the 
droplets. These forces are acting simultaneously on the droplets i.e. if the buoyant 
force which tends to spread the droplets throughout the pipe cross-section, is not 
large enough to overcome the settling tendency of gravity settling of the droplets 
occurs. Hence, the droplets that are non-uniformly scattered within the continuous 
phase begin to coalesce as they flow further downstream the pipe, producing larger 
drops. In addition, as the distance from expansion increased, the mixed layer 
becomes narrow and more drops begin to coalescence to form large drop due to 
increased droplet-droplet collision. Owing to these factors, results indicate that the 
mechanisms of coalescence occurred faster at the bottom, for water droplets and at 
the top, for oil droplets than the other locations in a pipe cross-section. For a better 
separation design, the coalescence process should occur at the aforementioned 
(bottom for water and top for oil) locations within the expansion pipe. However, at 
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higher mixture velocities the mixed layer would be responsible for the smaller 
droplet size for horizontal and both inclinations of pipe orientation. The mixed layer 
dominated almost entirely in the pipe cross-section. 
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CHAPTER 1 
INTRODUCTION 
 
 
 
 
Multiphase flow involves in a wide range of applications and widely encountered in 
the chemical and petroleum industries. In the latter, it is important in both the 
upstream and downstream. An examination of the flows in many pieces of equipment 
from these industries would reveal that many flows involve more than one phases. It 
occurs in as relatively simple equipment as pipelines to as complex geometries such 
as heat exchangers, reactors and separators. 
 
The term multiphase flow can be defined as a simultaneous fluid flow which contains 
of two or more phases. In many cases, the two phases are gas and liquid.  There are, 
however, other possible combinations - two immiscible liquids (oil/water), solid/gas 
(fluidized beds, pneumatic conveying), solid/liquid (hydraulic conveying), and 
occasionally more than two phases (gas/oil/water). This thesis concentrates on two 
immiscible liquids systems (oil/water). 
 
In oil fields producing hydrocarbon (upstream industry), multiphase flows can 
consist of water, gas, hydrocarbon liquids and solids (sands). They are lifted to the 
surface through a drilled well connected to a reservoir. As there is no gain in 
transporting water and sands, these phases then need to be separated for further 
downstream processing. Conventionally, a separator such as a vessel or cyclone is 
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employed to accomplish this. However, such separators involve high capital and 
installation costs and at the same time, safety measures are extremely restricted. One 
way to remove this economic and safety problem is to use smaller but more efficient 
process vessels or to invent novel techniques (separation in pipe) to separate 
components of the mixture while still being transported within the pipes. Thus, by 
introducing the use of an expansion pipe as an alternative method for efficient 
separation of the mixture is the subject of this thesis. This chapter serves as an 
introduction to the scope of this thesis; that is, the subject of stratification of liquid-
liquid two phase flows through sudden pipe expansion with respect to 
hydrodynamics properties is presented. Motivations that have led to select those 
areas within the research field are included. It also reviews the aims of this study and 
outlines the details of the structure of this thesis.  
 
1.1  Background 
The multiphase flow of two immiscible liquids is encountered in a variety of 
industrial processes such as liquid-liquid extraction and most importantly petroleum 
transportation. The flow characteristics of the immiscible liquids and their 
configuration in the pipe are of fundamental as well as of practical interest. In 
contrast, gas-liquid flows have received more attention than the other forms of two-
phase flow. This includes massive of experimental data and has resulted in many 
predictive models being developed. However, for liquid-liquid flow there is much 
less experimental data despite the importance in the hydrodynamic process. 
Particularly, there is still a lack of understanding on how drop size distributions and 
interaction of droplets within the phases affect the phase separation in liquid-liquid 
two-phase flow. These phases need to be transported to the downstream processing 
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plant and therefore, one possible solution is through pipelines. The uses of pipelines 
have become more prevalent in recent years due to the exploitation of marginal fields 
some of which are in deep water. Generally, multiphase flowing through pipelines 
involves dynamic flow characteristics which are important in applications such as the 
designing of downstream equipment. The standard separator is a large cylindrical 
vessel with axis horizontal. These are expensive, particularly for high pressure 
operation. There are of very significant weight which is unwelcome for platform 
applications. Most recently, high aspect ratio liquid-liquid separators have been 
investigated as possible replacements. These are essentially pipes which are 
employed for converting dispersed flow to stratified flow. To understand how this 
occurs is a challenge. 
 
Hence, research in the field of liquid-liquid multiphase flow is of high importance 
from engineering and economical point of view, to improve safety, reliability, 
sustainability, efficiency and a significant decreasing maintenance frequency of 
multiphase flow applications. The present project has been planned to gather 
information in a particular geometry. But the understanding gained will be useful for 
the understanding of pipeline flows. The information obtained from the experiment 
of separation process of oil-water in a pipe expansion will give confidence to the 
potential users of the novel technique to separate components of the mixture while 
still being transported within a pipe work system and would meet the essential 
requirements which are economic, safe to use, smaller than standard process vessel 
separator.  
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Furthermore, oil-water flow behaviour is also important in arriving at the correct 
interpretation of the response of production logging instruments. The performances 
of separation facilities and multiphase pumps are all a strong function of upstream 
flow pattern and droplet size. The developments of the pipeline separator for gas-
liquid flow have been successfully demonstrated by many researchers (e.g. Wren, 
2001 and Baker, 2003) and have now been extended to liquid-liquid flow (Yang et 
al., 2001, 2003; Liu, 2005 and Hasan, 2006).  
 
Research at Nottingham has indicated that a cheaper and safer alternative for the 
gas/liquid separation process may be pipe junctions as investigated by Roberts 
(1994), Wren (2001) and Baker (2003). However, the introduction of a T-junction is 
quite successful only for gas-liquid flow, leaving liquid-liquid flow inexplicable. 
There is therefore a need to develop a new approach for liquid-liquid separation 
which could overcome the problems that troubled the industries, and one possibility 
is by using an expansion pipe. Accordingly, results showed that an expansion pipe 
can reduce the mixture velocity of two-phase flow and hence can convert the 
dispersed flows to the stratified flow patterns which can be easily separated later 
(Yang et al., 2003 and Liu, 2005). Yang et al. (2003) showed that, if the flow 
approaching the T-junction with a horizontal pipe and a vertical side arm was 
stratified, good separation of liquids could be obtained. 
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1.2  Motivations 
Research into multiphase flow has been prompted by industrial problems. Among the 
critical problems are high construction costs and safety measures are extremely 
restricted. For example, current separators used on offshore platforms are large and 
the bulk of these separators means that they are costly, both to manufacture and to 
install. Moreover, they contain a large flammable inventory and as safety is a major 
concern on offshore platforms this is not good news. Furthermore, evidence has 
indicated that incidents which occur on oil production platforms are caused by 
human factors associated with large equipment size (separator vessels) which contain 
this flammable inventory.  
 
On 6 July 1988, the disaster on the Piper Alpha, the worst offshore oil disaster in 
terms of lives lost and industry impact, killing 167 men, with only 61 survivors. The 
disaster on this oil production platform at the UK North Sea continental shelf became 
a turning point as Cullen (1990) recommended that inventories of flammable fluid on 
the platforms should be minimised to curtail hazards. It is therefore essential to find 
possible ways to improve the design and performance of separation processes, with 
the ultimate goal of saving capital costs at a time of ever tightening environmental 
regulations and to enhance the safety of the working environment. Thus the 
motivation of this project is to examine more closely the relationships between the 
properties of liquids and an expansion pipe designed to produce stratified flow upon 
the performance of the separator.  
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1.3  Research aims and objectives 
The information available for the phase separation of liquid-liquid two-phase flow in 
an expansion pipe is limited. This research program was, therefore undertaken to 
study the stratification process of two immiscible liquid-liquid flows in such 
geometry. The purpose to monitor the effects of flow conditions approaching sudden 
expansion in terms of microscopic level and phase distributions resulting. 
 
This program of research global objective is to provide data of two immiscible 
OLTXLGV¶ IORZ LQ DQ H[SDQVLRQ SLSH WR RSWLPLVH WKH RSHUDWLRQDO FRQGLWLRns for the 
phase separation. Due to the importance of liquid-liquid flows in the petroleum 
industry, resemblance of the industry liquids which are silicone oil and deionised 
water were chosen as test fluids. The main objectives of this research programme 
are: 
 To investigate the effect of different input oil volume fractions, downstream 
mixture velocity and inclination angle on drop size distributions at downstream 
expansion. 
 To investigate the drop size evolution, vertically in the pipe cross section and 
axially downstream of the pipe expansion for different experimental conditions. 
 To visualise the liquid-liquid two phase flow pattern boundaries of transition and 
to determine the phase distributions for different operating conditions with the use of 
capacitance Wire Mesh Sensor (CapWMS). 
 To investigate the phase evolution and identify the flow pattern development 
downstream expansion pipe for different experiment conditions. 
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 To carry out preliminary investigations into the effect of impurities on drop size 
distributions in a liquid/liquid flow containing a surfactant in a stirred vessel and to 
examine the rate of separation when the stirring speed is decreased. 
 
1.4  Structure of the thesis 
The project is primarily experimental in nature. Henceforth, a comprehensive series 
of literature reviews were conducted to provide supportive background and a 
foundation on which to base resultant research study. The following gives a concise 
breakdown of the major conclusions drawn from the research investigations 
identified by these literature surveys and contents of chapter in this thesis.  
 
A brief background and the rationale for carrying out this work were discussed in 
Chapter 1. Chapter 2 gives a brief review of published work on two-phase flows in 
industrial pipelines. Particular attention is focused on physical configurations and 
operational conditions of the system. Chapter 3 describes the apparatus and 
methodology used to performed experiments on liquid-liquid flow through the 
sudden pipe expansion, as well as the instruments calibration and validations of the 
experimental measurements. The results obtained from the Wire Mesh Sensor 
instrumentation downstream of an expansion pipe are presented and discussed in 
Chapter 4. Subsequently, in Chapter 5, further analysis on WMS data was made and 
discussion on evolution and stratification that results when dispersed flow passes 
through a sudden expansion is illustrated. Findings on mean drop size and drop size 
distribution over the cross section of the pipe downstream of an expansion are 
presented in Chapter 6. Chapter 7 discussed the results of preliminary investigations 
on effect of impurities (surfactant) on drop size distributions and characterise the 
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drop size distribution of the dispersed mixed flows. Finally, summary of the main 
findings drawn from this research project and recommendations for further work are 
presented in the final chapter, Chapter 8. 
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CHAPTER 2 
LITERATURE REVIEW 
 
 
 
 
In reality most of the practical oil-water flows in the petroleum and chemical 
industries are to some extent dispersed. The flow characteristics of the immiscible 
liquids and their configuration in the pipe are of the fundamental as well as of 
practical interest. An extensive literature of published research related to liquid-
liquid flow was conducted with the most relevant results demonstrated in this 
chapter. However, the flow pattern, drop size distribution and oil volume fraction 
have been addressed in a number of the articles but these are mainly for stirred 
vessels and mixing tanks only. These studies related to pipes were limited to liquid-
liquid flow in either horizontal or vertical straight pipes. Less than a handful of 
papers have had significant data pertinent to the current work.  
 
Knowledge on transformation processes of the dispersed flow to the segregated flow 
is crucial to the use of pipe expansion as phase separators. There is a need to examine 
more closely the relationships between the flow and drop characteristics on liquid-
liquid flow, together with pipe configurations upon the possibilities of uses the 
sudden expansion as separator. Once a greater understanding of the processes taking 
place is found, then it will be possible to suggest ways to improving design and 
performance, at the same time eliminating the economic and safety problems. The 
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reviews are intended to provide background and context to the results presented later 
in the thesis.  
 
2.1  Background 
 Of the work on multiphase flows, studies on gas-liquid flows have the most attention 
than other forms of two phase flows. Investigations on gas-liquid flows have and still 
increase in volume, generating a large amount of data. Hence, many predictive 
models being developed, improving the understanding of the physical phenomena 
involved. In contrary, investigations on liquid-liquid two phase flows are much less 
compared to gas-liquid. Despite of their importance in many engineering 
applications, liquid-liquid two phase flows have not been explored to the same extent 
as gas-liquid flows i.e. study of two immiscible liquids flowing in a pipeline. 
 
While many forms of transportation are used to move products from production field 
to marketplace, pipelines remain the safest, most efficient and economical way to 
move this natural resource. However, in many applications, pumping of dispersions 
or emulsions through pipelines and pipe fittings is required. Consequently, some of 
the parameters are changed, especially when the liquids flow through pipe 
configurations and fittings. Furthermore, despite their widespread use, there is at 
present, a severe lack of information concerning liquid-liquid flow behaviour through 
these pipe configurations and fittings.  
 
In practice, most of the pipes are mounted horizontally or vertically but there are 
some cases where the pipeline is slightly inclined. The angle of inclination from 
horizontal can be divided into two types, positive values of  indicate upward flow 
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and negative values indicate downward flow (Scott, 1985; Kurban, 1997; Vedapuri et 
al., 1997; Alkaya, 2000; Lum et al., 2002, 2004, 2006 and Yang et al., 2003). In 
FRQWUDVW WKHDQJOHșRIGHYLDWLRQRISLSHV IURP WKH YHUWLFDO KDYH EHHQ UHSRUWHGE\
Vigneaux et al. (1988), Zavareh et al. (1988) and Flores et al. (1997). These 
configurations are schematically shown in Figure 2.1.  
 
Figure 2.1: Pipe configurations 
 
Although the two-phase flow in straight pipes has been the subject of a number of 
investigations (Simmons et al., 2000; Angeli, 1996; Lovick and Angeli, 2004a; 
Rodriguez and Oliemans, 2006; Lum et al., 2006), the flow through pipe fittings (as 
shown in Figure 2.2) has remained largely unaddressed in particular for liquid-liquid 
flow.  
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Figure 2.2: Pipe fittings 
 
When flowing through a pipe fitting, the diameter changed. Hence, the friction losses 
become higher than they would have been in a straight pipe. The Bernoulli energy 
equation tells us that when the velocity is reduced, such as in a diffuser as shown in 
Figure 2.3, some of the kinetic energy is transformed to pressure energy. If the flow 
had been lossless, the pressure change for incompressible flow in a diffuser would 
be:   
                           2.1 
 
Figure 2.3: Conical diffuser 
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Since dout > din, clearly pout > pin, as expected. Furthermore, in general, very small 
DQJOHVȕc lead to a smooth flow with relatively small losses, and the flow follows the 
FRQLFDO JHRPHWU\ ZLWKRXW VHSDUDWLQJ IURP WKH ZDOO ,QFUHDVLQJ ȕ EH\RQG D FHUWDLQ
point leads to separation, and the losses increase. At exactly which angle separation 
starts depends on both Re, din/dout and any upstream disturbances. Measurements 
carried out by Idelchik (1992) indicate that if ȕc 2o, no separation occurs under any 
circumstances, and losses are kept to a minimum. For relatively large ȕc, separation 
becomes so dominant that the conical section has no effect, and one may as well use 
an abrupt diameter step (ȕc = 90o).  
 
It is noticeably demonstrated that the pipe configuration and fittings play an 
important role in determining the pattern of liquid-liquid flow, as reported by Nädler 
and Mewes (1997), Flores et al. (1997) and Yang et al. (2001; 2003).  
 
Hence, having the fundamental knowledge of flow patterns and flow pattern maps is 
certainly a great advantage in understanding the separation process of liquid-liquid 
two-phase flow. 
 
2.2  Flow pattern  and flow pattern maps 
In the pipe flow of two fluids with different properties flowing simultaneously, the 
interface between the phases can appear in quite different topological or 
morphological configurations. The flows with similar interfacial shapes and spatial 
distributions can be classified as being one flow regime or flow pattern. Each 
individual flow pattern refers to its unique hydrodynamics properties. In two-phase 
flow, the fluid phases within the pipe is distributed in several fundamentally different 
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flow patterns or flow regimes, depending primarily on these properties, e.g. mixture 
velocity, input phase ratio, pipe orientation, pipe geometry and other interfacial 
properties. All flow patterns are usually delineated in terms of areas on a graph with 
two independent axes, giving the flow pattern maps. Many different names have 
been given to these various patterns, with as many as 84 having been reported in the 
literature (Rouhani et al, 1983). Nevertheless, the interest on the flow pattern maps 
lies on the fact that in each regime, the flow has certain hydrodynamic 
characteristics. When flow patterns are taken into account, not only can a better 
model be developed but also the operational conditions can be optimised (Yang, 
2003). 
 
2.2.1 Flow patterns for liquid-liquid flows 
In liquid-liquid flows, a flow pattern is defined as a characteristic geometrical flow 
configuration or physical geometry exhibited by a multiphase flow in a conduit. Each 
individual flow pattern has its unique hydrodynamics properties. 
 
However, as in gas/liquid flow a number of names have been put forward for flow 
pattern for liquid-liquid flows. Each paper have classified oil-water flow patterns 
based on their own investigations, e.g., Guzhov (1973), Laflin (1976), Oglesby 
(1979), Cox (1985), Scott (1985), Arirachakaran et al. (1989), Nadler and Mewes 
(1995), Trallero (1996), Angeli (1996), Simmons (1998), Fairuzov et al. (2000) and 
Munaweera et al. (2002). In general, these variations pattern names is due to the 
subjective nature of flow pattern definitions and others are the variety of names given 
to what are essentially the same geometric flow patterns. However, for the oil-water 
flow in the petroleum industry, these classifications can be reduced to four main flow 
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patterns. These flow patterns that have been observed can be classified as dispersed 
flow, annular flow, stratified flow and stratified flow with mixed layer at the 
interface. 
 
Segregated flow is defined as the flow pattern where there is continuity of both 
phases (liquids) in the axial direction. The two liquids flow tends to stratify when 
flowing together in a pipe due to their different densities. These separate layers 
which are segregated flows can be classified as stratified flow (ST) and stratified 
flow with mixed layer at the interface (ST&MI).  Details of SI and SI & MI flow 
patterns are discussed in the following sub-section.  
 
In general, dispersed flow is characterized by the flow where one phase is dispersed 
in the other continuous phase. The dispersed phase often present in the form of small 
droplets that are non-uniformly scattered within the continuous phase in two 
immiscible liquids. According to the size of the drops and their distribution in the 
continuous medium, several subdivisions of this flow pattern can be observed. The 
dispersed flow can either be water dominated or oil dominated. Further detail will be 
presented later on in this thesis. 
 
Furthermore, annular flow is characterized by the presence of a liquid film flowing 
on the channel wall (in a round channel this film is annulus-shaped which gives the 
name to this type of flow). In liquid-liquid flows, the lighter fluid flows in the centre 
of the pipe, and the heavier fluid is contained in a thin film on the pipe wall. The 
lighter fluid may be a mist or an emulsion. Annular flow occurs at high velocities of 
the lighter fluid, and is observed in both vertical and horizontal wells. As the velocity 
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increases, the film may disappear, leading to mist flow or emulsion flow. When the 
interface between the fluids is irregular, the term wavy annular flow may be used 
(Russell and Charles, 1959). 
 
2.2.1.1 Flow pattern in horizontal pipes 
Flow patterns of oil-water systems in horizontal pipes have been extensively studied 
by several authors. A summary of the pertinent research published for oil-water flow 
in horizontal pipes is listed in chronologically in Table 2.1.  
 
The earliest experiment of the flow patterns in a horizontal pipeline was reported by 
Russell et al. (1959) by varying the input ratio of water and oil in a 0.8m long and 
25.4mm internal diameter test section. Three flow patterns of water and white 
mineral oil (density = 834 kg/m3, viscosity = 18 cP) were observed based on 
visualisation as bubble (B), stratified (S) and mixed (M) flow. Their sketch of the 
respective flow patterns is shown in Figure 2.4.  
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Table 2.1 Pertinent experimental flow pattern maps for oil-water flow in horizontal pipelines. 
 
 
Author Pipe 
Diameter, D 
(cm) 
Velocity range 
Uws 
Uos 
(m/s) 
Viscosity 
µw 
µo 
(cP) 
Density 
ȡw 
ȡo 
(kg/m3) 
ı 
(dyne/cm) 
Observed flow patterns 
Russell et al. (1959) 2.03 0.04 - 1.08 0.894 
18 
999.2 
833.3 
N.R ST & MI; Do/w & w; 
o/w 
Charles et al. 
(1961) 
2.50  1 
6.29, 16.8, 65 
ȡo/ȡw = 1 
 
 
N.R w/o; w/o; annular 
Guzhov et al. 
(1973) 
3.94 Um = 0.20-.1.70 1 
21.8 
998 
896 
44.8 ST; ST & MI; Do/w & w; 
o/w; Dw/o & Do/w; w/o 
Laflin & Oglesby 
(1976) 
3.84 0.17 - 1.16 
0.17 - 1.16 
1.2 
4.94 
998 
828 
22.3 ST & MI; Do/w & w; o/w; 
Dw/o & Do/w; w/o 
Oglesby (1979) 4.10 0.07 - 2.71 
0.03 - 3.19 
1.0 
33, 61, 167 
998 
857, 861, 868 
30.1, 29.4, 35.4 Do/w & w; o/w; Dw/o & 
Do/w; w/o 
Cox (1985)  5.08 0.05 - 0.64 
0.05 - 0.64 
0.894 
1.380 
998 
754 
N.R ST; Do/w & w; o/w 
Scott (1985)  5.08 0.05 - 0.64 
0.05 - 0.64 
0.894 
1.380 
998 
754 
N.R ST; Do/w & w;  o/w 
Stapelberg and 
Mewes (1990) 
2.38, 5.90 0.06 - 1.20 
0.04 - 0.65 
1.0 
30 
998 
850 
50.0 ST & MI; Do/w & w; Dw/o 
& Do/w 
Nadler and Mewes 
(1995) 
5.90 0.0078 - 1.48 
0.0143 - 1.44 
0.9 
16.2 - 31.5 
997 
845 
N.R ST; ST & MI; Do/w & w; 
o/w; Dw/o & Do/w; Dw/o & 
w; w/o 
Valle and Kvandal 
(1995) 
3.75 0.20 - 1.20 
0.25 - 1.15 
1.02 
2.30 
1002.3 
794. 
37.3 ST; ST & MI; Do/w & w; 
Dw/o & Do/w 
Trallero et al. 
(1997) 
5.01 Um = 0.2 - 1.6 0.97 
28.8 
1037 
884 
36.0 ST; ST & MI; Do/w & w; 
o/w; Dw/o & Do/w; w/o 
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Figure 2.4: Drawing prepared from photographs showing transition from mixed flow, 
through stratified flow, to bubble flow for fixed water superficial velocity 1.07 m/s 
and varying oil input fraction, Rv (Russell et al, 1959). 
 
Subsequently, Charles et al. (1961) defined four flow patterns in their equal density 
oil/water flow in a 25 mm internal diameter pipe using a photography technique.  
These flow patterns are water droplets in oil, concentric water with oil flowing in the 
core, oil slugs in water and oil bubble in water. Three different types of Newtonian 
oils were used with viscosities of 6.29, 16.8 and 65 mPa .s and tap water. The flow 
patterns observed were mostly independent of the oil viscosities, even though the oil 
used has equal density to the water.  
 
Oglesby (1979) conducted 422 experimental studies on horizontal oil-water pipe 
flow and reported up to fourteen flow patterns. Three refined oil with viscosities of 
32, 61 and 167 cP were used. In general, flow regimes from segregated to 
homogeneous were observed with an increase in mixture velocity. Their results 
demonstrated that the stratified flow is dominant in the pipe at a low velocity 
whereby the liquid flow is in two distinct layers with no mixing at the interface. 
However, an increase of the mixture velocity, some mixing occurs at the interface 
and this pattern is called semi-stratified flow. 
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A semi-stratified flow pattern characterized by a thick water layer at the bottom and 
thick oil layer at the top of the pipe, with a thin mixed layer at the centre (Vedapuri, 
1999). With further increase in mixture velocity, more mixing occurs at the interface 
and the thickness of the mixed layer increased in such the oil-water dispersion 
(mixed layer) occupies more than half of the pipe and this pattern is corresponds to 
the semi-mixed flow. At a subsequently higher mixture velocity lead to the mixed 
layer occupied  major cross section of the pipe and  thin oil and water layer were 
observed, this flow pattern is termed as semi-dispersed flow. Further promoting the 
mixture velocity to the system, the flow patterns become a fully dispersed/ 
homogeneous flow. There is a steep concentration gradient in semi-dispersed flow 
while homogeneous flow has no appreciable change in concentration. It is interesting 
to note that annular flow pattern with the core of water rather than oil has been 
reported by Oglesby (1979) which was not discovered in Charles et al. (1961).  
 
An experiment of oil-water flow using six oil viscosities for two different pipe 
diameters was performed by Arirachakaran et al. (1989). The flow pattern for range 
velocities of 0.45 - 3.65 m/s with an input oil fraction from 10 to 95% was 
investigated (Figure 2.5). The results showed that the flow pattern disappeared for 
lower oil viscosity and the oil-annulus annular flow pattern diminished in size as the 
oil viscosity decreased. It can be concluded from the attained data that, in general, 
the oil viscosity has little effect on the flow behaviour when water is the continuous 
phase.  
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Figure 2.5: Flow patterns defined by Arirachakaran et al. (1989) 
 
Trallero (1996) has divided the oil-water flow pattern into two major categories: 
Segregated Flow and Dispersed Flow. As for these two categories, six different flow 
patterns for oil-water flow in pipes have been characterised. A sketch of the flow 
patterns and abbreviated names are shown in Figure 2.6 (Trallero et al., 1997). Based 
on his own experiments and the results of previous investigators for horizontal flow, 
Trallero (1996) identified and reclassified the flow pattern nomenclature and defined 
the six flow patterns as the following: 
Segregated flows: 
              Stratified flow                                                                             (ST) 
              Stratified flow with mixed layer at the interface               (ST & MI) 
Dispersed flows:      
             Water dominated       
                           Dispersion of oil in water and water                  (Do/w & w) 
                           Oil in water emulsion                                                   (o/w) 
             Oil dominated 
                           Dispersion of water in oil and oil in water   (Dw/o & Do/w) 
                           Water in oil emulsion                                                   (w/o) 
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Figure 2.6: Horizontal oil-water flow pattern sketches (Trallero et al., 1997) 
 
Segregated flow is defined as the flow pattern where there is continuity of both 
phases (liquids) in the axial direction. The two liquids flow tends to stratify when 
flowing together in a pipe due to their different densities. These separate layers 
which are segregated flows can be classified as stratified flow (ST) and stratified 
flow with mixed layer at the interface (ST&MI).  The stratified flow (ST) is 
identified when the smooth interface exists. As the velocities of the phases increase, 
the interface becomes more disturbed or wavy and drops of the two liquids may also 
appear.  At that time the flow pattern shifts to the stratified flow with a mixed layer 
at the interface (ST&MI).  There exist water droplets in the oil and oil droplets in the 
water layer.  Both kinds of droplets remain close to the interface.  In this case, 
dynamic and buoyant forces are acting simultaneously on the droplets.  The former, 
which tends to spread the droplets throughout the pipe cross-section, is not large 
enough to overcome the settling tendency of the counteracting gravity force (Brauner 
and Maron, 1989; Arirachakaran et al. 1989; Vedapuri et al., 1997; Kurban, 1997). 
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As continuity of both phases (liquids) in the axial direction defined segregated flow, 
dispersed flow on the other hand is identified when the continuity is lost in either or 
both phases. In general, dispersed flow is characterized by the flow where one phase 
is dispersed in the other continuous phase. The dispersed phase often present in the 
form of small droplets that are non-uniformly scattered within the continuous phase 
in two immiscible liquids. According to the size of the drops and their distribution in 
the continuous medium, several subdivisions of this flow pattern can be observed. 
The dispersed flow can either be water dominated or oil dominated. As for water-
dominated flows, the water is always the continuous (dominant) phase and vice 
versa. A dispersion of oil in water over a water layer (Do/w & w) and emulsion of oil 
in water (o/w) are dispersed flow patterns where water is the dominant phase. On the 
other hand, an emulsion of water in oil (w/o) and the coexistence of both type of 
dispersions (Dw/o & Do/w) are oil dominated flow patterns (Hinze, 1955; Karabelas, 
1978; Trallero, 1996: Angeli and Hewitt, 2000b). Interestingly, dual continuous 
dispersed flow namely oil continuous and water continuous, have been 
experimentally identified by Jayawardena et al., 2000 and Lovick and Angeli 2003, 
2004a. 
 
Beretta et al. (1997) studied the flow patterns of oil-water flow in a 3 mm small 
diameter tube for three oil viscosities using a stroboscope and a photography 
technique. They found that most flow patterns for gas-liquid also occur in liquid-
liquid horizontal flow in a small diameter tube.  
 
In general, two immiscible liquids of different densities tend to stratify when flowing 
together in a pipe. The greater the density difference, the more nearly complete is the 
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stratification. Nädler and Mewes (1997) presented the flow patterns with axes of the 
mixture velocity and the input oil volume fraction for oil-water flow in a 59 mm 
internal diameter Perspex pipe. The conductivity measurement in their oil-water 
horizontal flow was utilised to generate seven flow patterns. Basically, those patterns 
DUH VLPLODU WR WKDW RI 7UDOOHUR¶V ZKLFK LV EDVHG RQ WKH VWUDWLILHG IORZ RU GLVSHUVHG
flow. However, they precisely added them into sub-patterns as a combination from 
those flow patterns, as sketched in Figure 2.7.   
 
Angeli and Hewitt (2000b) implemented two methods for the flow pattern 
identification, namely high speed video recording and determination of the local 
phase fractions with a high frequency impedance probe, while the continuous phase 
in dispersed flows was recognised with a conductivity needle probe. The effect of 
wall material on the flow pattern was investigated. Over this range of conditions, 
many different flow patterns were observed, ranging from stratified to fully mix, 
however, annular flow did not appear. The flow patterns observed had substantial 
differences in that the propensity for dispersion was greatly increased in the steel 
pipe, whereas the oil tends to be the continuous phase for a wider range of flow in 
the acrylic pipe than in the steel pipe. In certain ranges of conditions the distribution 
of the phases differed dramatically between the stainless steel and the acrylic pipes. 
They also found the intermediate regime, which they named the Three Layer (3L) 
flow, in which a mixed layer occurred between the kerosene and water layers in a 
manner similar to that described by Vedapuri et al. (1997). 
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Figure 2.7: Flow patterns for oil-water system in a horizontal pipe (Nädler and 
Mewes, 1997) 
 
Yang (2003) observed the flow patterns of oil-water flow which were confined to 
stratified wavy flows approaching the T-junction. The flow patterns were observed 
with the naked eye and recorded using a high-speed video camera. They found that 
the different flow patterns depend on the superficial velocity used in a range of 
studies. At low superficial velocities for both phases, the stratified (ST) flow pattern 
was observed. By increasing either phase velocity, the flow pattern transits to 
stratified flow with mixed layer at the interface (ST&MI). The thickness of the 
mixed layer increases as the velocity increased and the flow pattern transit to a 
dispersed flow.  Generally, the flow patterns observed by Yang (2003) are very 
similar to that given by Trallero et al. (1997). The difference is that the area of the 
segregated regimes observed by Yang (2003) is slightly larger and the area of 
dispersion of oil in water above water layer (Do/w & w) is also slightly broader. 
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2.2.1.2 Flow pattern in inclined pipes 
Two phase flow occurrences in industry are ubiquitous, whether it was in horizontal, 
vertical or inclined pipelines. Even though it occurs in all of the pipe orientations, 
horizontal and vertical pipe orientations received the most attention. Therefore, there 
is little flow patterns data of the oil-water system available for inclined pipe 
orientation. Nevertheless, researchers have reported flow patterns for inclinations 
from the horizontal, such as Scott (1985), Cox (1985), Vigneaux et al. (1988); 
Kurban (1997), Vedapuri et al. (1997), Alkaya (2000), Lum et al. (2002; 2004; 
2006), Yang et al. (2003) and Rodriguez and Oliemans (2006).  
 
Scott (1985) studied the flow of a mixture water and mineral oil in upward inclined 
pipes. The physical phenomenon studied were flow regime occurrence and hold-up, 
as a function of flow rate and pipe inclination. Interestingly, the effect of the flow 
patterns on the inclination angle was first investigated by him. He applied the upward 
angle from +5o to + 30o and concluded that the effect of inclination on the transition 
to dispersed flow was influenced by the mixture composition. In addition, the 
appearance of local backflow or recirculation cells within the angles studied was also 
observed. Figure 2.8 shows the flow pattern observed by Scott (1985) in inclined 
pipes.  
 
At the same time, Cox (1985) has conducted experiments of horizontal and downhill 
two-phase oil-water flow. He concludes that at low oil-water flow rate ratios, 
stratified flow is naturally unstable. The parallel gravity component drives the 
instability, causing a wavy interface. An increase in the oil superficial velocity 
stabilizes the oil, and both phases flow as continuous layer even though the interface 
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is still wavy with some mixing (ST&MI). Further increase in the flow rates disperses 
the oil (Do/w & w). Finally, for the highest velocities, the oil becomes emulsified in 
the water (o/w). He also found that the departure from stratified wavy flow and onset 
of droplet formation at the interface was marked by a decrease in the interfacial wave 
amplitude. 
 
Figure 2.8: Flow regimes in 15o upward inclined pipes (Scott, 1985) 
(a) Rolling wavy counter current flow    (b) Rolling wavy co-current flow      
(c) Bubble flow stratified    (d) Bubble flow massive 
 
The influence of oil viscosity (2 and 90 cP) on the flow pattern for the velocity 
between 0.1 and 2.0 m/s were examined in a 100 mm internal diameter pipe by 
Vedapuri et al. (1997). They revealed that a great improvement of mixing is 
observed at the interface for low viscosity compared to high viscosity oil, whereby a 
homogeneous mixture was formed at much lower mixture velocities at an inclination 
angle of 2o.  
 
Chapter 2: Literature review  
27 
 
Meanwhile, Alkaya (2000) who applied horizontal and four inclination angles of ±5o, 
and found that the inclination did not have a significant effect on the transition 
boundaries of dispersed regimes as compared to a horizontal position, except for the 
appearance of a dispersion of water-in-oil under an oil layer (Dw/o and o)at the 
highest oil fraction. Alkaya (2000) also reported that the velocity ratio at low mixture 
velocities increased with increasing upward inclination, indicating that the water 
tended to stay back.  
 
Lum et al. (2002; 2004) investigated the effect of a small inclination angle (0o& +5o) 
on flow patterns using a visual identification and an impedance probe. They used an 
experimental set-up as described in detail by Lovick and Angeli (2001). They 
exhibited that three flow patterns as follows: stratified wavy flow, Three-Layer (3L) 
flow and fully dispersed, which is similar to those seen in the horizontal flows. 
However, the three-layer pattern predominated in flows at small inclination, lower 
mixture velocity and at an intermediate oil fraction. Besides, three-layers were also 
reported to have appeared at lower mixture velocity for the oil-in-water dispersions 
and at high mixture velocity for the water-in-oil dispersions, due to the increase of 
dispersion present that favours drag reduction in inclined flow.  
 
In addition, Lum et al. (2006) who initially used the same experimental facility as 
reported in Lum et al. (2002; 2004) but added two other inclination angles (-5o& 
+10o) in his studies found a new flow pattern called oil plug flow at both +5o and 
+10o of inclination angles. This was not reported by Scott (1985) and Alkaya (2000). 
However, this pattern was not seen in downward flow but is in accordance with other 
investigators (Vedapuri et al., 1997 and Alkaya, 2000). The stratified wavy flow was 
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observed to become wavier as the upward inclination angle is increased but 
disappeared completely in downward flow. In general, four flow patterns in upward 
flow and two flow patterns in downward flow were recorded by Lum et al. (2006).  
 
Furthermore, Yang (2003) studied the small inclination angle between -7o and +6o 
from the horizontal downstream of a pipe expansion. For upward inclination, he 
found that large waves occur at the interface between the water and mixed layer. The 
larger the upward inclined angle, the larger the waves become and the shorter the 
distance downstream of the singularity at which the waves occur. Conversely, for 
downward inclinations, as the angle of inclinations increased, the amplitude of the 
waves severely decreases. The waves dissipated quickly with very thin water layer 
and at -7o the waves and the thin water layer also dissipated.  
 
Recently, Rodriguez and Oliemans (2006) conducted an experimental study on oil-
water flow in horizontal and slightly inclined pipes in a 82.8 mm internal diameter 
steel pipe at the inclination angles of -5o, -2o, -1.5o, +1o, +2o, +5o and horizontal flow.  
Basically, seven flow patterns were observed for horizontal, upward and downward 
LQFOLQHGIORZDQGDUHUHDVRQDEO\ZHOOGHVFULEHGE\WKH7UDOOHUR¶VIORZSDWWHUQPDS
They observed a stratified smooth flow pattern appears in most horizontal flow; 
however, this pattern disappeared with inclination and is replaced by the stratified 
wavy (SW) flow pattern in downward and upward flow. 
 
Most recently, Hasan (2006) performed experiment on phase separation of the oil-
water flows downstream of sudden expansion with an internal diameter of 63 mm 
inlet and 100 mm outlet, which can be inclined.  The test fluids used were oil and 
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purified water at operating conditions for mixture velocities 0.2, 0.3 and 0.4 m/s, 
input oil fraction from 20 to 70% and pipe orientations at angles of +6 , +3 , 0 , -4  
and -7  to the horizontal. He concludes that the mechanisms of coalescence occurred 
faster at the top than the other locations in a pipe cross-section. Furthermore, Hasan 
(2006) also observed 3 different interface shapes for the stratified oil-water flow; 
plane horizontal interface, concave interface and convex interface. The concave 
interfaces were observed for horizontal and downward flow, and the convex 
interfaces were identified only for an upward inclination. 
 
Moreover, the experiments at an upward deviation angle off vertical were conducted 
by Vigneaux et al. (1988), Zavareh et al. (1988) and Flores et al. (1997). Vigneaux et 
al. (1988) have conducted experiments on kerosene-water for inclinations between 5o 
and 65o from the vertical in 100 mm and 200 mm ID pipes for a mixture velocity 
ranges from 0.1 to 0.5 m/s. Most of the studies concentrated on the effect of 
inclination and mixture velocity on the slip velocity (oil-water) and on water volume 
fraction radial gradient. They found that in inclined pipes, the gradient of the water 
volume fraction is very large in the centre part of the pipe. Whereas the upper part of 
the pipe section is almost occupied only by oil and the lower section by water. They 
also observed that the fast-moving droplet swarms occurred at the deviation angle 
above 10o and the concentration of oil remains very small outside the swarms. 
 
Oil-water flow behaviour in vertical and large deviated incline pipe to characterize 
flow pattern flow in a transparent pipe of 50 mm internal diameter was investigated 
by Flores et al. (1997). The conductance probes were employed at various points in a 
pipe cross-section and the oil-water flow patterns in vertical and large deviated 
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incline pipe were identified as illustrated in Figure 2.9 and Figure 2.10, respectively. 
They demonstrated that the flow pattern transition in dispersed oil-water flows in 
vertical pipe seem to be governed by the mechanisms of droplet breakage and 
coalescence. As for flow patterns in deviated inclined pipe, at low to moderate 
superficial oil and water velocities, a dispersed oil in water counter-current flow was 
observed. Furthermore, segregated flow did not appear for inclinations above 33o 
from horizontal, as it was obviously reported in the true horizontal (Trallero et al., 
1997; Nadler and Mewes, 1997 and Vedapuri et al., 1997) and in a small inclination 
flow (Lum et al., 2002; 2004; 2006; Yang, 2003 and Rodriguez and Oliemans, 
2006). The disappearance of segregated flow above 33o is due to the existence of a 
gravitational component to the flow direction in conjunction with pressure and 
viscous forces that generated the unique hydrodynamics characteristic.  
 
Figure 2.9: Schematic representations of vertical oil-water flow patterns by Flores et 
al. (1997) 
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Figure 2.10: Schematic representation of upward inclined oil-water flow patterns by 
Flores et al. (1997)  
 
2.2.2 Flow pattern maps 
Flow pattern data are often represented on a two dimensional diagram in terms of 
system variables. There are two types of graphs used to present the flow data; 
mixture velocity versus water cut, and superficial velocity of one phase versus the 
other. The most common variables used in liquid-liquid system are the oil and water 
superficial velocities (volumetric flow rate/cross sectional area of the pipe). The 
works on the flow pattern maps in oil-water systems have been attempted by many 
researchers either in horizontal, vertical or transition between configurations. Charles 
et al. (1961) were the first to draw a flow pattern maps based on superficial oil and 
water velocities. Later on several investigators have classified oil-water flow patterns 
based on their own investigations. Flow patterns of some of the investigators, Russell 
et al (1959), Guzhov (1973), Oglesby (1979), Cox (1985), and Nadler and Mewes 
(1995) were shown in Appendix 2A. An example of typical flow pattern map for oil-
water in horizontally flow measured by Trallero (1996) is shown in Figure 2.11. 
Chapter 2: Literature review  
32 
 
 
Figure 2.11: A typical flow pattern map for oil-water horizontal flow (Trallero, 1996) 
 
Furthermore, several total flow rates and phase input ratios were independently 
investigated by Guzhov et al. (1973) and Arirachakaran et al. (1989) but 
demonstrated similar flow pattern maps. Nonetheless, eight types of flow pattern 
were presented in the map by Arirachakaran et al. (1989) including the annular flow 
which was not reported by Guzhov et al. (1973). 
 
Moreover, Zavareh et al. (1988) studied the flow behaviour of 5o and 15o deviation 
angles and plotted the flow pattern maps for each angle respectively. These maps 
were then compared with the model predictions maps of gas-liquid in a horizontal 
flow from Taitel and Duckler (1976), and it was found that the model had failed to 
properly predict flow pattern transitions in oil-water flow patterns. This can be 
explained by the great difference in the relative magnitude of buoyant and interfacial 
forces between oil-water flow and gas-liquid flow. A second comparison was done 
with the model developed by McQuillan and Whalley (1985) for true vertical flow 
pattern maps of a gas-liquid system. Both model predictions were very different for 
the true vertical and deviation angle, especially at the transition boundary between 
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bubbly flow and dispersed flow. Nevertheless, it did come closer than the gas-liquid 
flow maps in predicting the correct boundary. 
 
Meanwhile, an experiment of stratified flow oil-water had been undertaken by Valle 
and Kvandal (1995). The dispersed region was found at the bottom when oil 
superficial velocity is greater than water superficial velocity, in contrast the opposite 
true for water dispersed oil zone in the upper region of pipe. On the other hand, a 
major conclusion cannot be done due to the fact that the experiment range was too 
small compared to predicted results. As a consequence, most of the flow patterns that 
appeared were stratified flows with negligible droplet entrainment and dispersed 
flow regions. 
 
On the other hand, the flow pattern map of a Newtonian and low-viscosity oil-water 
system in a horizontal pipe was developed by Trallero (1996), as shown in Figure 
2.11. A video camera coupled with a still camera was used to record the flow 
patterns and their structure. Consequently, the map showed that the segregated flow 
region was dominant at low and intermediate superficial velocities while the water or 
oil could be the dominant phase at a high superficial velocity and was not previously 
mentioned by Charles et al. (1961).  
 
Additionally, the effect of the mixture velocity and phase input ratio on the flow 
pattern map was explored by Nadler and Mewes (1997) and the conductivity 
technique was used to distinguish different flow patterns. The continuous layers of 
both phases occurred simultaneously in the water-in-oil and oil-in-water dispersion 
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zones. A drag reduction was also observed in these zones appearing between the 
water continuous dispersed flow and the oil continuous dispersed flow.  
 
In the same year, Flores et al. (1997) developed four flow pattern maps for upward 
inclination flows of 45o, 60o and 75o from horizontal and vertical upward flow 
respectively. The flow pattern map for vertical flow was completely different to that 
of horizontal flow, as described elsewhere (Trallero, 1996; 1997). They argued that 
the dispersed oil-in-water was the most predominant area wherein a slightly churning 
flow occurred at high oil velocity. Nevertheless, the dispersed areas were divided 
into oil-in-water-Pseudo slugs and oil-in-water counter current as the deviation angle 
was increased (45o).  They established that stratified flow and stratified flow with 
some mixing at the interface, which were previously reported in horizontal and near 
horizontal flows no longer exists for inclination above 33o from horizontal. This 
revealed that the inclination angle significantly affected the flow pattern map.  
 
Simmons (1998) developed a flow pattern map from the experiment of oil-water 
mixed aqueous in a 63 mm horizontal pipe and used video footage for the flow 
pattern determination. The boundaries of the flow pattern map obtained from that 
study showed an excellent agreement with the theoretical flow boundaries predicted 
by Brauner and Moalem Maron (1992a). 
 
Undoubtedly, the deviation or inclination angles have maximal effect to the flow 
pattern maps produced and this is possibly due to the presence of droplet sizes in oil-
water flowing at appropriated pipe configurations. Thus further investigation on 
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droplet size distributions would be valuable in order to understand the behaviour of 
the flow present in the pipeline. 
 
2.3  Liquid-liquid dispersion 
Outside the ST and ST&MI regions, the liquids are dispersed in different ways, 
contingent upon which one is dominant. A dispersion of two immiscible liquids, 
where one of the liquids forms a continuous phase and the other is dispersed in it, is a 
flow pattern often observed in liquid-liquid systems. In some conditions, each phase 
can be dispersed as drops into the other phase in different layers, e.g., dual 
dispersions. Dispersions will always form in motions of two immiscible liquids 
which are sufficiently intense, where the disperse forces are due to the turbulent 
energy dissipation. The formation of dispersions is generally governed by two 
competing processes; drop break-up and drop coalescence (Sajjadi et al, 2001). The 
drop breakage rate dominates the drop coalescence rate in the initial stage, which 
causes the drop sizes to decrease with time (Narishman, Ramkrihna, & Gupta, 1980). 
However with time, the drop breakage rate decreases while drop coalescence rate 
increases. Ultimately, a steady state is reached where the rate of both processes 
become equal, and a steady-state drop size distribution is established. 
 
Therefore, without a shred of doubt, behaviour of the dispersion depends strongly on 
hydrodynamic interaction of drops which includes drop breakage, drop coalescence 
and drop sedimentation or settling. These events results in changes in the drop sizes, 
drop size distribution and drop size distribution profile across the pipe section, as 
well as layer separation of the two phases.  
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2.3.1 Drop breakage and coalescence in dispersion. 
There are three factors that acting on drops in dispersion; turbulences, coagulating 
and gravity/buoyancy. The first is the factor of turbulences of the continuous phase 
which arise to breaks the drops or to prevent the coalescence of the drops. The 
turbulence of the continuous phase can be considered to be the inertial force and 
viscous shear force analysed by Kolmogoroff (1949), Hinze (1955), Taylor (1934) 
and Shinnar (1961). The second factor is the coagulating of the dispersed phased 
which make the drops coalesce or prevents the drops from breaking up. The 
coagulating of the dispersed phase are the forces of interfacial tension, viscous 
friction and inner agglutination of the drops (Shinnar, 1961 and Thomas, 1981). The 
third is the gravity or buoyant force which is the main contribution to the settling of 
the drops. 
 
In dispersion, the drop size and drop size distribution mainly depend on the 
equilibrium balance between the turbulence forces and the coagulating forces. Size 
distribution of the disperse phase affects the overall performance efficiency. Smaller 
droplets provide larger interfacial area per unit volume and contrariwise. The sizes 
distribution of the drops depend on several factors as mentioned earlier. In order to 
understand the dispersive process better, it is important that drop break-up and 
coalescence be investigated.  
 
In dispersed flow, drop break-up usually occurs when large droplets break into 
smaller ones. For a dispersed phase with low viscosity, the viscous friction forces can 
be neglected. Therefore, interfacial tension and agglutination of the drops are the two 
main coagulating forces. If the turbulence forces overcome the interfacial tension, the 
Chapter 2: Literature review  
37 
 
drops deformed and break up, by turbulence inertial force and turbulence shear force. 
If the turbulence forces overcome the agglutination of the drops and then prevent 
coalescence of drops, coalescence blocked by turbulence inertial force and by 
turbulence shear force. 
 
According to the observation of Ali et al (1981), the breakage processes of the drops 
for the two breaks up mechanisms are different. For the drop break up by turbulence 
inertial force, the drop is lashed by inertial force and smashed into a cloud of smaller 
drops and then these smaller drops separate. For the drop break up by viscous shear 
force, the drop firstly deforms and prolongs and the ruptures to form smaller drops. 
There is other mechanism for drop breakage, i.e., accelerated drops (Cohen, 1991; 
Brauner, 2002). For accelerated drops, drops deform and break due to rapid 
acceleration of drops bursting into a stream of a second fluid, which is the main 
mechanism for pneumatic atomisation. 
 
Hence, a wide range of concepts has been developed from the studies of drop 
breakage by many investigators (Kolmogoroff, 1949; Hinze, 1955; Taylor, 1934; 
Shinnar, 1961; Sleicher, 1962; Sprow, 1967; Hughmark, 1971; Kubie and Gradner, 
1977; Karabelas, 1978 and Noik et al., 2002). 
 
In most cases, investigators have not reported on drop coalescence probably because 
they were observing single drops in a turbulent flow field or working with dilute 
dispersions. Whereas, in dense dispersions, droplets coalescence and additional 
factors introduced when a swarm of droplets interact must be taken into account 
(Jeelani, 1993 and Wagner, 1997).  
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In turbulent dispersion, coalescence results when smaller droplets tend to form large 
ones. Coalescence phenomenon is more complex since it involves the approach of 
two drops collides, trapping a small amount of liquid between them. Then the 
drainage of the liquid film separating the drops until it reaches a critical values and 
eventual rupture of the intervening liquid film resulting in coalescence. Therefore the 
physical properties of the fluids and interfaces play an important role in drops 
coalescence. For example, coalescence in dispersion is usually reduced considerably 
by the combined action of a protective colloid and turbulent agitation. Hence, there is 
not as many concepts have been developed as for drop breakage. Among the few that 
involved in studies of drop coalescence are Sleicher (1961), Levich (1962), Howarth 
(1964), Coulaloglou and Tavlarides (1977) and Thomas (1981).   
 
What's more, sedimentation or settling in liquid-liquid system has scarcely been 
studied. Mostly, the sedimentation has been studied in liquid-solids systems 
(Coulson and Richardson, 1991).  
 
2.3.2 Models for drop breakage and coalescence 
The possibility of predicting fluid particle (drops or bubbles) size distributions is 
very important for determining interfacial areas and heat- and mass-transfer rates 
when designing and scaling up equipment such as chemical reactors and separators. 
Population balances can be used to describe changes in the fluid particle size 
distributions and other dispersion properties, and are usually the result of dynamic 
fluid particle breakage and coalescence processes. 
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In models of drops breakage and coalescence in the literature, owing to continuous 
breakage and coalescence, a distribution of drop sizes is observed. Therefore, to get 
an overall picture of the quality of dispersion, characteristics of dispersion are 
usually expressed in typical minimum drop diameter (dmin), maximum stable drop 
diameter (dmax) and/or Sauter mean diameter (D32). In many instances, direct 
proportionality between the two representative drop diameters (D32 and dmax) has 
been reported (Brown and Pitt, 1972; Calabrese et al., 1986; Nishikawa et al., 1987). 
Therefore, correlation for either of the representative diameters can be used to 
compute the other representative diameter. However, for the mass transfer processes 
in a dispersion, the Sauter mean diameter, D32, is preferred due to the fact that its link 
to the specific interfacial area as: 
                2.2 
                                         2.3 
Where a is the interfacial area per unit volume and Ø is the dispersed phase volume 
fraction; di and ni are, respectively, the drop size and drop number in the ith size 
range.  
 
Immense industrial importance of liquid±liquid dispersions has led to studies on 
experimental measurements of drop size in liquid±liquid dispersions, whether in 
batch vessels or continuous flow stirred tanks as reported in many literatures. Some 
of these studies are summarized in Table 2.2. In most of the cases, the experimental 
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data have been correlated using the functional form developed by Hinze (1955) and 
modified by subsequent researchers (Shinnar and Church, 1960; Doulah, 1975). In 
some cases, altogether different functional forms are reported (Wienstein and 
Treybal, 1973; Quadros and Baptista, 2003).  
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Table 2.2 Summary of some studies on liquid-liquid dispersion in mechanically agitated contractors. 
Reference Experimental  Correlations 
Vermeulen (1955) Several systems both A/O and O/A were studied in batch experiments. 
Holds up values were between 0.1 and 0.4. Drop size measurement 
was done using light transmission technique.  
 
Wienstein and 
Treybal (1973) 
Eight different systems, O/A and A/O were studied. Both batch and 
continuous experiments were done. Holdup varied between 0.08±0.6. 
Light transmission method was used for drop size measurement.  
 
Brown and Pitt 
(1974) 
Three O/A systems with MIBK, kerosene, n-butanol as dispersed 
phase and water as continuous phase were investigated. Holdup was 
equal to 0.05. Photoelectric probe was used for drop size 
measurement.  
 
Calabrese et al. 
(1986) 
Study was aimed at finding effect of dispersed phase viscosity on drop 
size. Five different grades of silicone oil in water were used to obtain 
dispersed phases of varied viscosity. Hold up was 0.0015. Batch 
experiments were done with direct photography as drop size 
measuring technique.   
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Wang and Calabrese 
(1986) 
Objective of the study was to establish relative importance of dispersed 
phase viscosity and interfacial tension on drop size. Silicone oils were 
dispersed in water, methanol and their solution. Batch experiments 
were done with holdup was less than 0.002. Direct photography was 
used for drop size measurement. 
 
Zhou and Kresta (1998) Batch experiments with water as the continuous and silicone oil as the 
dispersed phase. Holdup was 0.0003. PDPA (Phase Doppler Particle 
Analyzer) was used for drop size measurement. 
 
Pacek et al. (1999) Batch experiments were done with water as the continuous phase and 
chlorobenzene or sunflower oil as the dispersed phase. Measurements 
were done by direct photography near the tank wall. Dispersed phase 
holdup ranged between 0.01to 0.05. 
 
Quadros and Baptista 
(2003) 
Experiments to determine interfacial area in continuous flow stirred 
tank with di-isobutylene diluted with benzene as the dispersed and 
sulfuric acid as the aqueous phase. A chemical method was used to 
determine overall interfacial area under different operating conditions. 
Hold up values ranged between 0.061±0.166.  
Sechremeli et al. (2006) Batch experiments were done. Distilled water was used as continuous 
and kerosene as the dispersed phase. Direct photography was used to 
measure drop size. Holdup values ranged between 0.01±0.1. 
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2.4  Drop size distribution 
Knowledge of drop size and distribution would improve understanding of dispersed 
system and contribute to better design and modelling of many industrial processes as 
well as oil production and transportation. The size of the dispersed phase is important 
when interfacial mass and/or heat transfer involved, while it will affect phase 
separation at the end of the process. Drop size, drop size distribution and dynamics 
of their evolution are significant factors that determine the rheology and stability of 
dispersions. Hence, knowledge of the parameters would enhance and optimised the 
energy consumption and pumping requirements of the system. 
 
Experimental studies of drop sizes in liquid-liquid flow have mainly been carried out 
in stirred tanks or agitated vessels. While information on the drop size during pipe 
flow is almost entirely limited to low dispersed phase concentrations (Sleicher, 1962; 
Ward and Knudsen, 1967; Collins and Knudsen, 1970; Kubie and Gardner, 1976; 
Karabelas, 1978; El-Hamouz and Stewart, 1996; Simmons and Azzopardi, 2001 and 
Hasan, 2006). In addition, most models are based on the fundamental theory 
developed by Kolmogorov (1949) and/or Hinze (1955) for drop break-up in isotropic 
turbulence with improvements to account for increasing dispersed phase fraction. 
 
Drop size distributions during the pipe flow of two immiscible liquids have been 
given by a few researchers. Among early studies, Ward and Knudsen (1967) present 
an investigation to obtain information on drop size and drop size distribution of 
liquid-liquids dispersions in turbulent flow. They investigated the distribution of oil 
drops in water fraction up to 47% for downward vertical flow in dispersions formed 
in stirred vessels before entering the test section. The photography technique was 
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used to capture photos of droplets in the dispersions. Over 1000 photographs of 
dispersions were obtained and from these photos, the Sauter mean diameters (D32) of 
the well-defined droplets were measured. The Sauter mean drop diameter, D32 was 
found to augment when dispersed phase fraction increases. Interestingly, it was 
observed that D32 initially increases and then decreases with increasing velocity. The 
decrease in size at high velocities agreed with the model suggested by Sleicher 
(1962) while the initial increase confirmed the theory proposed by Howarth (1964) 
whereby an increase in velocity causes an increase in coalescence frequency.  
 
Collins and Knudsen (1970) conducted an experimental program to characterise the 
drop size distributions formed when liquid-liquid dispersion was exposed to 
turbulent pipe flow. They used photography technique to study the effect of pipe 
turbulence on drops formed by injecting an organic phase at low concentrations (0.6 
± 10%) into the vertical downward flowing aqueous. The observed distributions are 
two superimposed distributions; the initial distribution formed at the injecting nozzle 
and the distribution produced by the turbulence of the flowing stream. Increasing the 
dispersed phase viscosity seemed to delay drop deformation and break-up, while 
drop break-up appeared to be much more probable near the pipe wall rather than in 
the turbulent core. The authors presented a model for the evolution of drop size 
distribution along the pipe, which its experimental data is in agreement with the 
maximum stable drop size (dmaxDVSUHGLFWHGE\6OHLFKHU¶VFRUUHODWLRQ 
 
Kubie and Gardner (1977) conducted experiments in a 4m long, 17.2 mm diameter 
horizontal glass tube and in helical coils to get information on the equilibrium drop 
size distribution, especially on the dmax occurring in the flow of two liquids. They 
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used four different injectors for the disperse phase and found that the various 
methods of disperse phase injection had little effect on the drop size distributions. In 
fact, suggesting that the steady-state distribution was probably independent of the 
initial distribution. The droplet size distribution obtained by photography through the 
pipe wall became narrower with increasing continuous phase velocity as maximum 
drop size (dmax) decreased at a greater rate than minimum drop size (dmin). For drops 
smaller than the size of the energy-containing eddies, the model suggested by Hinze 
(1955) predicted satisfactorily maximum drop size (dmax) but for larger drops an 
alternative model was suggested. 
 
Karabelas (1978) performed an experiment using an encapsulation technique 
concurrently with photography technique to study drop size distributions formed by 
turbulence when oil was injected at low concentrations (0.2%) into flowing water in 
horizontal pipes.  The resulting distribution can be well represented by either Rosin-
Rammler or the upper limit log-normal function, while maximum drop diameter 
(dmax) was found to satisfy Kolmogorov/Hinze model. 
 
Kurban et al. (1995) used photography and needle conductivity probe to measure 
local droplet size of oil-water flow in a horizontal acrylic pipe and have attained 
significant differences between the two results. Their results showed that Sauter 
mean diameters of 678 µm for the photographic technique and 206 µm for the 
conductivity techniques were reported at the same flow conditions. However, the 
conductance technique did have some disadvantages, like the fact that it is only 
suitable for water volume fractions below 4%due to the conductive properties of 
water. 
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Furthermore, El-Hamouz and Stewart (1996) utilised a laser back-scatter technique 
to measure chord length distributions formed downstream of a static mixer in 
horizontal flow system. The droplets were formed in the static mixer before entering 
the 25.4 mm internal diameter pipe test section. The mean chord length increased 
with the distance from the mixer, suggesting that the distributions were influenced by 
drop coalescence in the test section rather than turbulent drop break-up. 
 
Subsequently, the laser backscattering technique was employed, together with laser 
diffraction technique by Simmons and Azzopardi (2001) to examine drop size 
distribution in a dispersed vertically and horizontally pipe flow. Both measurement 
techniques have been found to be limited to different concentration ranges. The laser 
diffraction technique was suitable at dispersed phase concentrations less than 3%, 
while the backscatter technique was suitable at concentrations greater than 5% by 
volume. The Sauter means diameter (D32) measured by the backscatter technique for 
horizontal flow in Simmons and Azzopardi (2001) was shown in Figure 2.12. The 
D32 detected were small at higher measurement positions at low velocities, 
conversely at higher velocities, the value converge at around 350 µm. Stratification 
of droplets was observed at low mixtures velocities for horizontal flow. This showed 
that D32 decreased with increasing mixture velocity until it reached certain value. 
However, for vertical up-flow, homogeneous dispersions were obtained and no 
stratification was observed. The drop sizes for dispersed phase volume fraction up to 
42.3%, acquired by the laser backscatter technique were generally fitted by an upper 
limit log-normal distribution (ULLN). Although the authors demonstrated that the 
maximum drop size, dmax, at low concentration of the dispersed phase could be 
described by the Hinze (1955) model. Nevertheless, for the minimum drop size, dmin, 
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which could be possibly inferred for high concentration, could not be fitted using 
+LQ]H¶VPRGHO 
 
Figure 2.12: The Sauter mean diameter (D32) measured by the backscatter technique 
for horizontal flow in Simmons and Azzopardi (2001) 
 
Angeli and Hewitt (2000a) was the pioneer that used video recording techniques 
implementing an endoscope to study drop size distribution attained from different 
positions inside a pipe for oil-water flow. The use of endoscope allows the visual 
observation of the flow anywhere within the pipe and not only from the region near 
the wall, as is the case with other photographic methods. They found that the velocity 
and nature of the continuous phase affected the drop size distribution, with drops 
sizes were found to decrease with increasing continuous phase velocity, and water 
drops in oil continuous flow were smaller than oil drops in water continuous flow in 
both pipe. Interestingly, the channel wall material also affected the drop size 
distribution with small drops forming in the steel than in the acrylic test section 
under the same flow conditions. 
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The droplet size and vertical distribution of drops of dual continuous flow in a 
stainless steel pipe were investigated by Lovick and Angeli (2004b).A dual sensor 
impedance probe was used in the investigation to allowed drop chord length 
measurement at different location vertically of the pipe cross section. The size and 
number of drops dispersed in the respective continuous phases was found to decrease 
as the distance from the interface increased. They asserted that in dual continuous 
flow mixture velocity does not have a clear effect on the drop size. Instead, 
proclaimed that a decrease in mixture velocity decreases the number of drops 
entrained from one phase into the opposite and causes greater vertical concentration 
gradient, vice versa for increasing mixture velocity. Moreover, Rosin-Rammler 
distribution was used to describe their experimental data and they found Rosin-
5DPPOHU¶VPRGHOILWVDWLVIDFWRULO\WKHFKRUGOHQJWKGLVWULEXWLRQ 
 
Hasan (2006) performed an investigation on the feasibility of a sudden pipe 
expansion towards stratification of liquid-liquid dispersion in horizontal and inclined 
horizontal pipe flow. Drop size distributions were measured using a laser back-
scatter technique, which measured chord length distributions at several locations 
vertically and axially of the test section. According to Hasan (2006), at the same 
axial position of the test section, large drops were initially detected at the top of the 
pipe cross-section. Therefore assumption were made that the mechanisms of 
coalescence occurred faster at the top than the other locations in a pipe cross-section. 
Furthermore, log-normal distribution and Rosin-Rammler function were found to fit 
satisfactorily the experiment on chord length distributions at all regions except in the 
interface between mixed and kerosene regions. 
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2.4.1 Measurement techniques for drop size distribution 
Dispersion of one phase in the other can occur at the interface of a stratified flow, 
and is a common phenomenon in several flow patterns, specifically dispersed and 
annular flow. When the flow pattern of liquid-liquid two phase flow is in dispersed 
flows, drop size and drop size distribution will become an important characteristic of 
the flow. These parameters not only affect the mass or heat transfer between the two 
phases, but also it may affect the flow performance in the pipe. A significant body of 
work has been published measuring drop sizes for liquid-liquid systems. 
Furthermore, there are many drop size measurement methods in the literature. 
However, for the liquid-liquid flow in pipelines, especially for the high ratio of 
dispersed phase, the measuring of drop size is very difficult. Hence, there are fewer 
suitable methods could be applied due to the natural drops break up and coalescence 
of the dispersed phase. Measurement techniques used are generally optically based 
and were described in this chapter. 
 
2.4.1.1 Laser backscatter technique 
In a two immiscible liquid-liquid flow in a pipe, continuous process of measuring 
drop sizes and drop size distribution requires an in-line measurement technology. 
One of the most frequently used for in-line drop size measurement is the focussed 
beam reflectance measurement (FBRM). In this work, FBRM M500P was utilised 
for measuring drop size. FBRM was developed by Lasentec and is basically a 
method of obtaining particle chord distribution from back-scattered laser light. A 
beam from a laser diode is focused to a very small spot, which produces high light 
density at the focal point. This beam is passed through an eccentric spinning lens that 
produces a circular rotating beam, normal to the motion of the liquid (Figure 2.13). 
Chapter 2: Literature review 
50 
 
When the spot intercepts the particle, enough light is back scattered to be detected by 
the photodiode. The detected light is converted into electrical pulses, classified by 
time, which are recorded by computer. As time of detection and angular velocity of 
the spinning beam are known, dividing these quantities yields the chord size of each 
particle detected. Details of the FBRM M500P were further discussed in Chapter 3. 
 
Figure 2.13: Measurement principle and schematic drawing of the FBRM probe. 
 
This chord data is not directly useful for comparison as most techniques measure 
droplet diameter. It is therefore necessary to convert this chord distribution to a 
meaningful distribution and that is diameter distribution. So that the results is 
comparable with data obtained from other sources.  
 
Recently, some investigators have studied methods for converting a chord 
distribution to a drop size distribution. The matter of converting and estimating drop 
size distribution from chord measurements is detailed further in the next section in 
this chapter.  
 
2.4.2  Estimating particle size 
The size distribution of liquid droplets present is a valuable design parameter in order 
to create efficient and cost-effective equipment, for example, in storage, conveying, 
reaction and separation processes. Several different techniques have been developed 
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by many researchers to obtain such particle size data. Examples of methods, which 
have been applied to gas±liquid and liquid±liquid systems, are photography, 
conductivity probes and droplet encapsulation. An advantage of the majority of the 
techniques that have been employed is that the droplet diameter distribution is 
measured directly or can be obtained by simple analysis. However, these methods 
can only obtain useful data from dilute systems whereas within the oil industry, 
concentrated oil±water dispersions frequently occur. Hence, it is necessary to 
measure drop sizes for such systems. Therefore, FBRM M500P instrument, 
developed by Lasentec, is one of very few techniques suitable for this task. However, 
the FBRM produces distributions of droplet chord lengths (CLD) whereas most other 
techniques produce diameter distributions directly. It is therefore necessary to 
process the CLD to give diameter distributions so that the present data could be 
compared with data obtained from other sources. The process of transformation from 
CLD to diameter distribution is known as estimating particle size. 
 
As chord length is neither directly useful nor unique even for a perfectly spherical 
particle, though spheres can be uniquely defined by the diameter. Herringe and Davis 
(1976) and Clark and Turton (1988) presented probabilistic techniques to solve this 
problem. However, the output is very dependent upon the shape of the particles and 
can suffer problems with very irregular distributions.  
 
Consequently, Liu and Clark (1995) further revised the works by Clark and Turton 
(1988) and considered that the bubble sizes are represented in two geometric shapes, 
i.e. an ellipsoidal shape and a truncated ellipsoidal shape. In these cases, they found 
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that the means and standard deviations of chord lengths and bubble sizes are related 
but are not dependent on the nature of their distributions.  
 
In 1991 Hobbel et al., described a method of calculating diameter distribution from 
chord measurements assuming random sphere cuts. In this circumstance, the largest 
chord size is assumed to be the largest diameter and the chord distribution from this 
diameter is subtracted from the total chord size distribution. This is basically a 
µSHHOLQJPHWKRG¶DQG LWVKRXOGEHQRWHGWKDWWKLVPHWKRGZDVVXFFHVVLYHO\RQO\ IRU
smaller diameters. Conversely, this method is too sHQVLWLYH WR ³QRLVH´ LQ WKH
population of the largest sizes.  
 
Meanwhile, Liu et al. (1998) have considered the probability relationships in 
obtaining representative overall bubble size distribution by inferring the bubble size 
density from local chord measurements in a heterogeneous bubbling system. They 
showed that the accuracy of information transformed by a numerical approach using 
Monte-Carlo simulation was increased as the number of partitions in the bubble size 
range increased.   
 
In order to create an ideal chord size distribution from a known particle diameter 
distribution, Simmons et al. (1999) emphasized that it is necessary to make some 
assumptions. For spherical particle in dilute systems, where there are no interactions 
between particles, the probability of the beam taking a cut through any part of the 
projected area of the sphere is equal. Thus, probability apportioning method (PAM) 
described a method of calculating diameter distribution from chord randomly sphere 
cuts measurements using equation 2.4. This method assumes the diameter bands are 
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known, where P{x1, x2} is the probability of obtaining a chord size between x1 and x2 
for a sphere of diameter D. 
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Hence for a known diameter distribution, range of chord lengths for each diameter 
band can be calculated using equation 2.4. Full details of the derivation of equation 
2.4 are shown in Simmons et al (1999) and Langston et al. (2001).  
 
Unfortunately, PAM was inaccurate and has shown poor results for unknown 
diameters distributions because it did not use the collective information from the data 
set. Therefore, Langston et al. (2001) revised this method; which they incorporated 
WKH %D\HV¶ WKHRUHP (TXDWLRQ 5) for combining conditional probabilities and 
included an iterative procedure that can approach the true diameter distribution. This 
revised method was named probability apportioning method version 2.0 (PAM2).  
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Even though, Hasan (2006) found that the results of the transformation of chord 
lengths using PAM2 were shown unsatisfactorily. In this present work the 
computational coding for the PAM2 has been updated and upgraded (see Appendix 
2B), allowing the measured chord length distribution to be transformed into a drop 
size distribution successively. Since PAM2 (newer version ± version 2.1) methods 
were found to successfully convert a chord length distribution to a drop diameter 
distribution, the latter were then analysed further to obtain Sauter mean diameter 
(SMD). This SMD of the drop diameter distribution were then used in the results, 
discussion and comparisons between different conditions.  
Chapter 2: Literature review 
54 
 
2.5  Oil volume fraction 
In most of process and industrial plants, pipeline is universally used as transportation 
of their raw material and products from one place to the other. Pipelines are generally 
the safest, most efficient and most economical way to transport large quantities of 
these material or products. In petroleum industry for instance, increased of offshore 
oil and gas exploration have resulted in transportation of well fluids in pipelines over 
relatively long distances. Often the fluid delivered by the wells contains water, which 
is already present within the stratum. Over period of time, maturing oil wells produce 
more and more amount of free water, due to naturally presence of water in the old 
wells or injection of water into the wells for a better oil exploration. The presence 
and amount of free water phase in contact with pipe wall could cause corrosion and 
in some cases, blockage in the pipe. Wicks et al (1975) found that corrosion in 
pipelines was usually dominant in areas where the possible accumulation of water in 
the pipe. 
 
Recently, researchers have come up with an important method to curb this corrosion 
problem, by introducing corrosion inhibitors. However, the effectiveness of the 
inhibitors depends on the pipeline material, the inhibitor composition and the type of 
flow (Vedapuri, 1999). Therefore, it is necessary to introduce the inhibitor into the 
appropriate phase that in contact with the pipe wall. This can be accomplished only if 
the flow pattern and the phase distributions under different conditions are known. 
Therefore, optimisation of pipeline operations for transport of these fluids requires 
the knowledge of the several parameters. One of the major parameters is the 
knowledge of the volume ratio of each phase over the total volume also known as 
volume fraction.  
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Oil volume fraction (OVF) is a dimensionless quantity that varies from 0 to 1, or is 
sometimes expressed as a percentage between 0 - 100%, which indicates of a 
geometry or temporal domain occupied by the oil in a two-phase oil-water flow. 
There are many typical methods of measurement for oil volume fraction, including 
irradiation methods (x-ray and Ȗ-ray), quick-closing valve (QCV) method, ultrasonic 
method and electrical methods (electrical tomography and conductance probe). 
Besides, there are some other methods, such as optical probe method, observation 
method, etc. 
 
In industrial applications, the studies that include imaging of phase distribution in 
process pipelines have becoming important. Process imaging techniques allow us to 
investigate inside complex structures such as the oil volume fraction of liquid-liquid 
mixtures. Today, a number of techniques to measure the dispersed phase volume 
fraction or hold-up have been attempted. These techniques employed non-intrusive 
or intrusive measurement sensors. Examples of some non-intrusive techniques are x-
ray tomography, gamma-densitometry tomography, ultrasonic system, electrical 
capacitance tomography, electrical resistance tomography and impedance 
tomography. While, for intrusive measurement sensors such as needle-contact probe 
and parallel wire probe, are also popular. However, in the recent years, much 
attention has been focused to a newly developed intrusive method namely the wire-
mesh sensor (WMS) method. 
 
Vigneaux et al. (1988) reported results of systematic volume fraction profile 
measurements obtained using a local high-frequency probe in vertically inclined pipe 
orientation (0o to 65o) of a liquid-liquid flow. High frequency impedance probe was 
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used to measure mean water volume fraction because of large dielectric constant 
contras between the two liquids used. The effect of pipe orientation with water flow 
rate fraction ranging from 30 to 100% and mean velocity between 0.027 and 0.35 
m/s was investigated. They demonstrated that the input oil fraction was dependent on 
the mean volume composition of mixture and the deviation angle but was minimally 
affected by the total flow rate (in the range studied). 
 
Two different measurement techniques, a high frequency probe (impedance probe) 
and a gamma densitometer system were applied by Soleimani et al. (1999a) for 
measuring volume fraction distribution across the tube. Interestingly, the results of 
the oil volume fraction from the two systems showed an agreement for all mixture 
velocities used in the range studied. The results exhibited that oil encapsulation by 
water, especially at low mixture velocity. This phenomenon could probably be 
explained the wetting of the surface, viscous instability and waves spreading in the 
water layer due to a high shear stress from the oil layer. In the meantime, in the 
dispersed flow regime (high mixture velocity) oil droplets were concentrated at the 
centre of the tube. Thus, they suggested that three mechanisms are responsible for 
droplet rearrangement in the turbulent dispersed flow regime; the droplets had the 
same diffusivity as the continuous phase, the lift force in the boundary layer pushed 
the droplets towards the core region and the distribution of droplets was influenced 
by gravity. 
 
Oddie et al (2003) measured water holdup in two- and three-phase flows using 3 
different methods which were quick-closing valve (QCV), electrical conductivity 
probe and gamma densitometer. The effects of the flow rates of the different phases 
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and pipe deviation on holdup were evaluated. They concluded that deviation angle 
had minimum effect to the hold-up at higher oil-water flow rates and the opposite 
was true for the very flow rates. They also found that steady-state holdups from 
QXFOHDU PHDVXUHPHQWV ZHUH LQ UHDVRQDEO\ FORVH DJUHHPHQW ZLWK 4&9¶V
measurements. However as for probe data, even though can provide transient and 
steady-state holdup profiles along the length of the pipe, the accuracy of the probes 
was not as high as that of the nuclear densitometer or QCV measurements (Oddie et 
al., 2003).Further, they concluded that deviation angle had minimum effect to the 
hold-up at higher oil-water flow rates and the opposite was true for the very flow 
rates. 
 
In the meantime, Yang (2003) used a direct observation method to study the spatial 
distribution of oil-water flow in a downstream expansion pipe for mixture velocities 
of 0.2, 0.3 & 0.4 m/s for water cut of 30, 50 & 80%, and horizontal and small 
inclination angles of 7o. The results demonstrated that the stratifying liquid-liquid 
flow is most rapidly obtained for a horizontal pipe, lower downstream velocities and 
higher water cuts. However, the water phase is entirely dominating at downstream 
expansion for the same configurations but with high mixture velocities. In general, 
Yang (2003) concludes that horizontal is the best pipe position for a dispersed flow 
to evolve quickly to a segregated flow through the sudden expansion within a short 
distance. Both, upward and downward inclinations tend to increase the mixed layer 
and slow down the evolution process. 
 
A spatial distribution of dual continuous liquid-liquid flow has been studied by 
Lovick and Angeli (2004a) using an impedance probe. The comparison of average 
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oil volume fraction between the impedance probe and the use of quick closing valves 
(QCVs) was obtained at less than 5.8% for all conditions. Moreover, the velocity 
ratio increased during dual continuous flow to above 1 as the oil input fraction 
increased. At high input oil fractions, however, the velocity ratio decreased again to 
values below 1 as the mixture velocity increased. These could possibly be explained 
by the change of interface shape and thus interestingly if the cross section of this 
shape can be real-time imaged. 
 
Subsequently, Liu (2005) used the same pipe test section as initially described by 
Yang et al. (2003), but employed the sampling method to measure the oil volume 
fraction across the section of pipe at middle expansion. The mixture velocities and 
LQSXW RLO IUDFWLRQV DUH DOVR WKH VDPH DV WKH RQHV DSSOLHG E\ <DQJ¶V /LX¶V UHVXOWV
FRQILUPHGWKHSKDVHSURILOHVE\<DQJ¶VDWGRZQVWUHDPHxpansion. Furthermore, the 
dispersed flow actually dominated over a pipe cross-section at downstream 
expansion for low input oil fractions and high mixture velocities which was not been 
mentioned by Yang et al. (2003). 
 
Meanwhile, Lum et al. (2006) investigated the phase distribution of oil-water flow at 
±5o (from horizontal) and horizontal flow using similar liquid-liquid flow rig, 
mixture velocities and oil volume fractions to Lovick and Angeli (2004a). The results 
of phase distribution in a pipe cross-section showed that the convex interface shapes 
were obtained in downward flow at a high input oil fraction and high mixture 
velocity, whereas the shape of interface is replaced by concave interface shape at low 
mixture velocity even though high input oil fraction is applied. It is clearly showed 
that the mixture velocity plays a major role in determining the shape of interface in a 
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pipe cross-section for downward flow. Meanwhile, the shape obtained in an upward 
flow is similar to those in a horizontal flow as concluded by other investigators 
(Soleimani et al., 1999a; Angeli and Hewitt, 2000b; Lovick and Angeli, 2004a). 
 
In 2006, Hasan used electrical capacitance tomography (ECT) method to study the 
spatial distribution of oil-water flow, downstream of an expansion pipe. In this 
technique, the continuous measurement of dispersed phase volume fraction exploits 
the differences in electrical permittivity of the two liquid phases to obtain images 
(Xie et al., 1995; Williams and Beck, 1995; Reinecke and Mewes, 1996; Dyakowski, 
1996 and Isaksen, 1996). The effect of pipe orientation (horizontal and small 
inclination angles of 7o) with input oil fraction of 20, 50, & 70% and mixture 
velocities 0.2, 0.3 and 0.4 m/s was investigated. Hasan (2006) proclaimed that the 
obtained results clearly indicate the images are satisfactorily agreed well with two 
methods (Yang, 2003 and Liu, 2005) and could then be used to substantiate the flow 
patterns as predicted in the Trallero map. The results of phase distribution in the pipe 
cross-section showed that the concave interfaces were present for horizontal and 
downward flow, whereas convex interfaces were observed only for upward 
inclination flow at high input oil fraction and mixture velocity.  
 
Most recently, new technology to generate images of the phase fraction distribution 
and investigate the flow of fluids in a pipe called Wire Mesh Sensor (WMS) has been 
developed. The wire-mesh sensor is an intrusive imaging device which provides flow 
images at high spatial and temporal resolutions (Da Silva et al., 2010) and it has been 
accepted as an alternative technique for multiphase flow tomographic imaging. The 
use of tomographic imaging for the investigation of two-phase flows has been 
Chapter 2: Literature review 
60 
 
reported in a few review papers (Chaouki et al., 1997, Prasser, 2008, Mudde, 2010) 
and a book (Williams and Beck, 1995).There are two variants of the WMS, which 
are conductance and capacitance WMS, often abbreviated in this thesis as 
CondWMS/ CapWMS. 
 
A wire-mesh sensor for measuring the volumetric fraction of water in crude oil was 
first described by Johnson (1987). This consisted of a crude device that had two 
planes of wire grids are placed into the flow in a short distance from each other. 
However, sensor developed by Johnson (1987) contained no imaging capability.  
 
A wire-mesh device that performs tomographic imaging was presented by Reinecke 
et al. (1996), who proposed a three plane sensor of 29 thin wires each of 0.1 mm 
diameter. However, the sensor had several limitations and the main disadvantage is 
that the transformation into the image has to be performed by applying tomographic 
image reconstruction algorithms (Prasser et al, 1988). 
 
Further development of the WMS was made by Prasser et al. (1988). He developed a 
two plane conductivity (conductance) wire mesh sensor which is a fast tomographic 
imaging without the need of time consuming and inaccurate image reconstruction 
procedures. Further, special emphasis was given to a stable sensor design for hostile 
conditions in industrial facilities. 
 
Up till now, conductance wire-mesh sensors have been applied in many gas-liquid 
flows (Prasser 2008, Da Silva et al., 2010, Szalinski et al., 2010). However, with 
increased of interest in two-phase liquid±liquid flows, mostly from the petroleum 
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industry where, for instance, oil (non-conducting) and water are often produced and 
transported together. The conductive WMS could not be used in such applications. 
Therefore, a new WMS was developed by Da Silva et al. (2007) based on the 
measurement of the electrical permLWWLYLW\ FDSDFLWDQFH WR H[WHQG WKH VHQVRU¶V
capabilities to the detection of the non-conducting fluids.  
 
In this thesis focused are on CapWMS since working fluids are oil and water. Great 
details of the principle and application of CapWMS in determine the volume fraction 
of multiphase system of two immiscible liquids is discussed in Chapter 3. 
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CHAPTER 3 
INSTRUMENTS AND EXPERIMENTAL METHODS 
 
 
 
 
The literature review in the previous chapter gave an overview of published research 
related to liquid-liquid flow. The focus of most studies were on drop size 
distribution, oil volume fraction and flow pattern, especially studies or research 
conducted in stirred vessels, mixing tanks and pipes. Furthermore, most of these 
studies were limited to liquid-liquid flow in either horizontal or vertical straight pipe. 
Up to date, there is no previous studies have had significant data pertinent to the 
current work which concentrates on sudden expansions.  
 
This chapter discusses the apparatus and methodology used to perform experiments 
on liquid-liquid flow through a sudden expansion in a pipe. A liquid-liquid flow 
facility has been built for the purpose of these studies. The physical properties of the 
system, the criteria of experimental design and the operational principle of each 
instrument are explained. The experimental processes of drop size measurements and 
determination of phase layer evolution completed on the flow facility were discussed 
briefly in Chapter 2.  
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3.1 The liquid-liquid flow facility 
In response to the need for better understanding of the flow pattern, drop size 
distribution and oil volume fraction in liquid-liquid flow through a sudden 
expansion, an experimental liquid-liquid flow facility has been designed, constructed 
and commissioned at the laboratory of the Department of Chemical and 
Environmental Engineering, the University of Nottingham. This facility is shown 
schematically in Figure 3.1. The flow facility consisted of a test section, separator, 
liquid storage tanks and a metering and control system. A photograph of the rig is 
presented in Figure 3.2. Details of each part are described in the following 
subsections.  
 
Figure 3.1: Schematic diagram B09/ R123 Multiphase flow inclined liquid-liquid test 
facility (68mm) 
 
Rotameters 
Dp Dp 
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Figure 3.2: Photograph, B09/ R123 Multiphase flow inclined liquid-liquid test 
facility (68mm) 
 
3.2  Test sections 
A diagram and photograph of the test section are shown in Figure 3.3. All section of 
the test section was manufactured from transparent acrylic pipe. This permitted the 
flow to be observed. These observations enabled the flow pattern and the transitions 
from dispersed to stratified with mixing interface or stratified flow to be determined. 
In addition, the observation section was a useful means of comparing the flows 
behaviour. 
 
Figure 3.3: Cross-section and photograph of sudden pipe expansion 
 
The test section consisted of a sudden pipe expansion from an internal diameter of 38 
mm to 68 mm at the outlet. The total length of the test section was 3250 mm. It was 
mounted on a tubular steel frame hinged at one end, which permitted the small angles 
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of inclination maximum by  7  to the horizontal. See Figure 3.4. These sections 
were joined with flanges with a rubber gasket providing a seal. A multi-hole orifice 
plate is positioned 250 mm upstream of the expansion to provide further mixing by 
accelerating of the flow through the orifice. Orifice plate with 32% open area was 
used in the present work. Made up of 18 holes of 5 mm diameter positioned as in 
Figure 3.5.  
 
Figure 3.4: Test section mounted on a tubular steel frame hinged at one end, which              
permitted the small angle of inclination by  7  to the horizontal 
 
 
Figure 3.5: Plan view of multi-holes orifice plate {18 holes (5 mm) = 32% orifice 
open area} 
 
The oil volume fraction and drop size distributions were measured in special 
sections. A section of pipe was designed to allow the insertion of the Focused Beam 
Reflectance Measurement (FBRM) probe at 45o to the oncoming flow as shown in 
Figure 3.6.  
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Figure 3.6: Cross-section of Lasentec FBRM pipe test section 
 
This arrangement is necessary in order to minimise eddies near to the probe window 
which could cause the particles to stream past the window without being detected. 
This configuration was also designed to minimise droplet breakage at the point of 
measurement. With this design, any disturbance to the flow occurs after the detection 
point, downstream of the probe. The position of the FBRM was also adjustable. It 
could be positioned either on the centre-line, above or below which permitted 
coverage of the entire test section.  
 
A tomographic technique, the Wire Mesh Sensor (WMS) was used to produce cross-
VHFWLRQDORUµVOLFHLPDJHV¶LOOXVWUDWLQJWKHVSDWLDOYDULDWLRQLQDRQHRUPRUHSK\VLFDO
parameter based on sets of boundary measurements. Wire mesh sensor is chosen 
among them because it is a fast method for imaging the process dynamics. Though 
much used for gas/liquid flows the WMS has hardly been used for liquid-liquid two-
phase flow. The WMS probe was installed at numerous positions along the test 
section by utilized a special flange section made for the system. A photograph of 
WMS mounted on the test section was shown in Figure 3.7. 
Lasentec 
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Figure 3.7: The capacitance wire mesh sensor (CapWMS) unit on experimental rig. 
 
3.3  The separator and liquid storage tanks 
The separator employed in this flow facility is a horizontal gravitational cylindrical 
vessel (internal diameter, 600 mm and length 2500 mm). The arrangements can be 
seen in Figure 3.8. The vessel was manufactured from clear uPVC and a perforated 
baffle was fitted at the inlet of the separator vessel to attempt to smooth the flow 
through the vessel. A weir of height 220 mm was placed at the outlet end of the 
vessel to retain the heavier liquid. ThHUHIRUH LW¶V SURYLGLQJ HQRXJK WLPH IRU WKH
heavier liquid to further settled and be fully separated. By manipulating the valve for 
each liquid, located at the bottom end of the separator, each phase was finally 
returned to respective storage tanks.  
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Figure 3.8: Diagram of separator vessel. 
 
The water and silicone oil storage tanks can store 400 litres of water and silicone oil 
respectively. From the storage tanks, the liquids were fed to the flow facility by mean 
of centrifugal pumps.  
 
3.4 Metering and Control system 
The main components of the metering and control system were pumps switch, 
rotameters, and adjustable butterfly valves. All of these components were manually 
operated as shown in Figure 3.9. 
 
The liquids flow rates are relatively large, and consequently the velocities are rather 
high. In order to maintain a continuous fluid feed to the test section, it was decided to 
use series of storage tank for each liquid. Each series of storage tank can store 
approximately 400 litres of water and silicone oil respectively. The centrifugal 
pumps were connected to the tanks with 28mm copper tubing. Butterfly valves then 
are adjusted in order to get desire liquid flow. Since the pumps had a flow large 
capacity compared to the flow rates used during the experiments, the loops were also 
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provided with bypasses to the storage tanks. Butterfly valves were used to regulate 
the bypass flow. The two liquids (water and silicone oil) were supplied separately 
from then storage tanks by their own pump. The liquids were measured by variable 
area meters. Before they were combined at the inlet of the test section, a speciality 
designed static mixer was used to pre-mix the phases. The pipe was connected to the 
test section inlet by means of flexible hose and the mixture then flowed into the test 
section. On leaving the test section, the phases were separated in a horizontal 
gravitational separator. The outlet of the test section was connected to the separator 
by a flexible hose. Finally the oil and water returned to respective storage tanks.  
 
 
Figure 3.9: Components of the control system. 
 
In order to establish stable flow rate, before commencing any measurement, the 
system were allowed to run 5 times resident time of the acquired flow rate. The level 
of liquids in the storage tank was checked regularly before starting any experiment. It 
is important to know how much liquid is left in the tanks so that the operator can plan 
his experiment. The full operating procedures, including the emergency shut-down 
measures for the liquid-liquid flow rig are described in Appendix 3A. 
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3.5  Properties of fluids 
Both accuracy and safety are the main important criteria in determined the selection 
of the physical properties of the fluids used in this study. After reviewing the liquids 
used by previous workers and balancing involved risks in using particular liquids and 
flow pattern information that could be obtaining the test fluids silicone oil and 
deionised water were chosen for the present experiment. The values of the physical 
properties of the liquids are given in Table 3.1.  
Table 3.1 Physical properties of fluids at 25oC 
 Deionised water Silicone oil, 5cSt 
Density  (kg/m3) 997 900 
Viscosity  (kg/m.s or Pa s) 0.0010 0.0052 
Refractive index - 1.52045 
Permittivity mF /  710 x 10-12 23 x 10-12 
Relative permittivity  79 2.7 
 
3.6 Experimental approaches 
In providing a reliable and good data on liquid-liquid two-phase flows through a 
sudden expansion mounted horizontally and slight inclined, a very thoroughly 
consideration have been given on the experimental approach of the study. The 
assessment of the factors affecting the evolution of phase layers downstream of the 
singularity was undertaken. The drop size distributions downstream of the expansion 
are more of a concern in this study due to the purpose of stratification of the 
dispersed flow by using expansion is considered.  
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There are two categories of factors affecting the evolution of drop size distribution 
through a sudden expansion, these which are linked to the rig configuration and 
others which are limited to the operational conditions.   
 
Factors that are related to the rig configuration could be divided into three areas, 
which are the pipe orientation, the expansion ratio (the ratio of downstream to 
upstream pipe cross-sectional area) and the pipe lengths of both the upstream and 
downstream sections. Studies of the drop size distribution in horizontal pipes have 
been published by many researchers (Sleicher 1962; Ward and Knudsen, 1967; 
Collins and Knudsen, 1970; Swartz and Kessler, 1970; Kubie and Gardner, 1977; 
Karabelas, 1978; Simmons et al., 1998; Angeli and Hewitt, 2000a; Angeli, 2001; 
Lovick and Angeli, 2004b). Almost all of these were for horizontal pipe. Only Lum 
et al. (2002; 2004; 2006) has reported the effect of upward or downward pipe 
inclination.  Today, there has not many reports on the literature about the drop size 
distribution evolution through a sudden expansion for liquid-liquid flow and it is still 
left unsolved.   
 
As for the operational conditions criteria, two factors have been identified. These are 
input oil fraction and mixture velocity for a given working system. In order to 
explore the transition of drop size distribution from the dispersed to the segregated 
flow through the expansion, the experiments were designed to distribute the 
dispersed regimes in the inlet of test section and expected stratified flow or stratified 
flow with mixing at the interface after expansion. 
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The mixture orifice velocity (Usmo) is a mixture velocity in the small diameter pipe 
(38 mm) after the perforated orifice. The downstream velocity is a mixture velocity 
based on the cross-sectional area of the larger diameter pipe (68 mm). The angle of 
inclination is the angle between the flow direction and the horizontal. A positive 
angle is an upward inclination and a negative angle a downward inclination. The 
range of the inclinations that are worth studying has been determined from 
calculations of the fully developed stratified flow using the model Taitel and Dukler 
(1976). The same prediction model was applied in Yang (2003) and Hasan (2006), 
and it gave a prediction of the position of the aqueous/ oil interface and has been 
shown to give an accurate prediction for horizontal flows. The result showed the 
effect of the angle of inclination which had a significant change over 2o from 
horizontal and become quite small beyond 6o (Taitel and Dukler, 1976). 
 
A multi-hole orifice plate was used in order to produce the dispersed flow in the 
upstream pipe. The results of El-Hamouz et al. (1995) were used to estimate the 
drops expected. Their results showed that drop sizes increased by 20% when 
measured at 7 pipe diameters downstream and 40% at 38 pipe diameters downstream 
of a needle valve. The current study of sudden expansion was 7 pipe diameters 
downstream of a multi-hole perforated plate; therefore, it was expected that the drop 
sizes arriving at the sudden expansion would be those created by the perforated plate.  
 
The choice of input oil fraction had been considered in a work by Shi et al. (2001) 
who studied the distribution of phases and velocity profile at the end of a 100 mm 
internal diameter pipe, 18 m long. They found that separation of oil/water flow was 
only possible for mixture velocities below 0.75 m/s and for input oil fraction between 
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20 to 80%. Furthermore, an input oil fraction of 60 to 70% was considered as water 
dispersed in an oil regime and below 50% was described as oil dispersed in a water 
regime. According to the flow pattern maps of Trallero et al. (1997), stratified flow 
occurs at velocities in which the order of magnitude is higher than those at the upper 
limit laminar flow. The limit of stratified flow was then considered as mixture 
velocity wherein this velocity is 0.2 m/s, and x1.5 and x2 higher. Their results had a 
good agreement with Shi et al. (2001). Based on these facts, the downstream mixture 
velocities chosen were 0.20 m/s, 0.30 m/s and 0.35 m/s which are x1, x1.5 and x1.75 
higher.  
 
In order to understand drop size evolution downstream of a sudden expansion, three 
positions of drop size measurement in a pipe cross-section were selected and images 
of phase distributions from WMS measurements were captured at number of 
downstream location. Details were discussed in subsection 4.2 and 6.2 (Experimental 
design) of chapters 4 and 6. A similar position of drop size measurement was also 
used by Simmons (1998) in dispersed flow and his results indicated that there was 
little effect in the size measured at these positions. Another reason for choosing these 
measurement positions relates to the interface profiles observed by Yang et al. 
(2003) in which they suggested making investigations between 2 and 35 pipe 
diameter downstream of the expansion, particularly at the interface between the 
mixed region and the oil or water region.  
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3.7 Instrumentation 
The main instruments used in this study are rotameters, a differential pressure flow 
meter, laser backscatter and WMS. An overview of the concepts and operating 
principles of these are discussed in the following sections. 
 
3.7.1 Rotameters 
A rotameter is a device that measures the flow rate of liquid or gas in a closed tube. It 
belongs to a class of meters called variable area meters, which measure flow rate by 
allowing the cross-sectional area the fluid travels through to vary, causing some 
measurable effect. In this experiment, the flow rates of silicone oil and water were 
measured by individual rotameters. The calibrations of the rotameters were 
conducted by noting the fluid volume collected in the measuring tank in the flow rig 
over a time period for each fluid separately. Results of the calibration are as shown in 
Figure 3.10. 
 
Figure 3.10: The calibration of water and silicone oil flowrates.  
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3.7.2 Differential pressure flow meter measurements 
Differential pressure devices employ the Bernoulli equation to describe the 
relationship between the pressure difference and velocity of a flow. Many types of 
differential pressure flow meters are used in the industry. The differential pressure 
meter is used most extensively due to its simple installation, ease of use, 
instantaneous reading and reliable accuracy. 
 
In this experiment, the flow rates of silicone oil and water mixtures were measured 
by Dp flow meters. The flow meters were placed at upstream of the inlet of the test 
section across the multi-hole orifice plate and on the test section itself as shown in 
Figure 3.11. The pressure drop across the plate was measured by electronic pressure 
transducers which were calibrated to convert the voltage generated directly into a 
pressure drop in mbar and displayed by digital meters. 
 
Figure 3.11: Schematic of differential pressure (Dp) flow meters engaged on the flow 
facility. 
 
For studies on mixture flow rates there was a requirement to have a measure of the 
mixtures flow rates of the two immiscible liquids. In order to determine this 
information, the calibrations of differential pressure (Dp) flow meter were performed. 
These calibrations can be conducted by noting the fluids volume collected in the 
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measuring tank (separator vessel) in the flow rig over a time period and measuring 
the pressure difference across the orifice plate. Typical calibration of Dp cell shown 
in Figure 3.12 proved that flow rates of the rotameters are consistence for all of the 
mixture velocities.  
 
Figure 3.12: Calibration of mixtures flow rates with differential pressure flow meter. 
 
3.7.3 Laser backscatter equipment 
An in-situ focused beam reflectance measurement (FBRM), which utilises the laser 
backscatter techniques, was employed in this work. It is a commercial instrument; 
FBRM M500P manufactured by Mettler Toledo Inc. (former known as Lasentec 
Corp.) The Lasentec instrument composed of three major parts: a metal probe (the 
laser) which can be inserted directly into the process stream, the electronic field unit 
(EFU) that interprets signal for analysis and a computer for data acquisition as 
schematically shown in Figure 3.13. 
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Figure 3.13: Typical diagram of laser backscatter system (Mettler Toledo) 
 
3.7.3.1 Principle of Lasentec FBRM M500P 
Figure 3.14 shows the simplified diagram of Focused Beam Reflectance 
Measurement (FBRM) operation. The external dimensions of the probe were a 24.8 
mm diameter and a 318 mm length of stainless steel casing. Inside the metal probe, a 
solid-state laser emitting at 780 nm wavelength with 0.6 mW of maximum power. 
This gave it a Class 1 classification. A laser beam is generated in the EFU and sent to 
the probe via a fibre optic system. The laser beam travels through the probe and exits 
through the circular, sapphire window at the end the probe. It operates by scanning a 
high-intensity and sharply focused laser beam over the subject particle. It is focussed 
just in front of the sapphire window to a small beam spot. The light intensity at the 
focal point exceeds 2 x 1010 Wm-2. It then traces the probe circumference at a high 
speed (usually between 2 ± 6 m/s) and measures the time duration back-scattered 
pulse of light. This means that particles can flow through the focal point at speeds of 
up to 2 m/s. When a particle starts to move past the window, a disruption in the 
focused ray of light is detected. As the particle moves through the laser beam, the 
resulting backscattered light is gathered and converted to an electronic signal by the 
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EFU using a photo-detector which converts the light energy into an electric signal. 
Right after the opposite edge of the particle is reached, the backscatter of light 
ceases. A unique discrimination circuit is used to isolate the time period of the 
backscatter from one edge of an individual particle to its opposite edge. The period 
over which the backscatter signal was recorded is then multiplied by the scan speed. 
The result is then converted as distance, hence giving the chord length (Lasentec, 
2007). The duration and frequency of signals are indications of particle chord length 
and counts, respectively. The chord length is GHILQHGDV³DVWUDLJKWOLQHEHWZHHQDQ\
WZRSRLQWVRQWKHHGJHRIDSDUWLFOHRUSDUWLFOHVWUXFWXUH´/DVHQWHF 
 
Figure 3.14: Focused Beam Reflectance Measurement, FBRM (Lasentec, 2007) 
 
3.7.3.2 Verification of Lasentec FBRM M500P 
As this study was confined to non-aggregated systems, only the F (fine) electronics 
data were presented. The focal point at the time of purchase was set to few microns 
(external face of the window) as calibrated by the manufacturer (Lasentec). As the 
instrument was last used 2 years ago, it needs to be re-calibrated to maintain the 
integrity of the FBRM. The focal point position of the FBRM device was re-
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calibrated according to the Windows Reference Procedure. Consequently, the signal 
of the device was validated with the PVC standard following the PVC Reference 
Procedure.  
 
PVC reference procedure is a means of verifying proper calibration of Lasentec 
FBRM instrumentation. It is recommended that the procedure be performed 
regularly. Lasentec recommends that the PVC reference sample included with 
shipment of the FBRM M500P be analyzed at regular intervals (i.e., monthly, 
quarterly, etc) as deemed appropriate by the user. The PVC reference procedure 
should be repeated every time routine maintenance is completed, prior to installing 
new software, or if the Lasentec probe is transported or dropped. 
 
The configuration and set-up of the FBRM instrument was made in the same manner 
it was when the initial reference sample output was recorded. FBRM probes were 
simultaneously trial with Bimodal PVC reference material. Suspensions of known 
beads (PVC reference samples) were stirred with special impeller at 400 rpm and 
presented to the FBRM probe. Generally the Particle Size Distribution of the PVC 
has a peak at around 100 micron and another close to 10 micron. The tip of the probe 
was positioned at 25 mm above the impeller to ensure optimal sample presentation. 
According to the manual, 30 second period of stirring was recommended and 
sufficient to disperse the beads.  
 
The set up for the FBRM instrument during the PVC reference procedure is shown in 
Figure 3.15. The PVC reference procedure also requires measurement configurations 
in the Lasentec CI software to be set first and then a reference sample measurement 
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is taken. Results from the PVC reference experiments were compared to the initial 
reference sample data file as provided by with the FBRM instrument for this 
particular FBRM M500P to confirm the instrument repeatability. The FBRM 
reproduces the 100 micron peak relatively well but the peak at 10 micron (general 
ideal condition) is slightly shifted to 4 micron. Nevertheless, it was very good and in 
excellent agreement with the initial calibrated reference sample data file, PVC 
reference curve provided by the manafacturer for this particular Lasentec as shown in 
Figure 3.16. The PVC reference procedure (repeatability measurement) was observed 
at the different dates taken for the same parameters setting. 
 
 
Figure 3.15: PVC Reference procedure set up (Lasentec, 2007) 
 
Correct usage of the PVC reference sample assures instrument repeatability. The 
percentage different of the median and mean statistic must be within the specified 
limits, ± 2% and ± 3% respectively.  
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Figure 3.16: PVC reference calibration 
 
3.7.3.3 Measurement of Drop Size 
 
Measurements of drop size were made using Lasentec equipment (FBRM M500P) at 
the central axis of the test section and also 17 mm above and below at locations 
downstream pipe diameters from the sudden expansion. A continuous measurement 
was logged by a dedicated PC. The proprietary software was used to produce 
distributions of droplet chord. Subsequently, as reviewed in Chapter 2 there are a 
number of methods available to transform measured chord length distributions into 
drop diameter distributions. The PAM (version 2) of Langston et al., (2001) was 
used to transform a measured chord length distribution (CLD) to a drop diameter 
distribution (DDD). Example of the CLD and DDD graphs as in Figure 3.17. Once 
the data has been converted to diameter distribution, normal equation (Eq. 2.2) was 
used to get Sauter mean diameter (SMD). In the material presented then, discussion 
will done using SMD.  
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(a) 
 
 
(b) 
Figure 3.17: Example of the (a) CLD and (b) DDD graph. 
 
 
3.7.4 Capacitance wire mesh sensor (CapWMS) 
 
The development of reliable hydrodynamic models for two-phase flows depends on 
the availability of accurate data of the phase distribution throughout the cross-section 
of the channel through which it flows. In gas±liquid systems, the distribution ofthe 
volumetric gas fraction has to be measured. Meanwhile in liquid-liquid system, the 
spatial distribution of the fraction of one of the liquids has to be measured. For this 
purpose, the spatial resolution must be in the range of the dimensions of the phases to 
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be detected. Further, the measuring volume must be well defined. Ideally, the 
extension of a tomographic sensor in the direction perpendicular to the measuring 
plane should be in the range of the spatial resolution. Last but not least, the 
measuring time for one complete image must be very short, in order to make it 
possible to measure instantaneous phase distributions. 
 
Today gamma ray and X-ray computerized tomography were the widely used non-
intrusive methods. The spatial resolution achieved is in the range of millimetres. The 
Ȗ-ray tomograph developed by Kumar et al.(1995) and applied to a 260 mm diameter 
bubble column provides a resolution of 5 mm. A good example of X-ray tomography 
is given by Schmitz et al.(1997), who used a 360 kV X-ray source and 15 detectors 
to achieve a resolution of 0.4 mm. In both cases, the projections needed for the image 
reconstruction were produced by rotating either the sourcedetector assembly or the 
object. The scanning time is in the range of several minutes and it is not possible to 
measure instantaneous phase distributions. 
 
An attempt to increase time resolution was carried out by Frøystein (1997), who uses 
a non-rotating configuration with 5 sources and 5 arrays with 17 individual detectors 
each. In this way, 5 projections are recorded simultaneously. The main factor 
limiting the resolution of such a configuration is the low number of projections 
available for the image reconstruction. This problem was solved by Hori et al. (1997) 
by applying 66 X-ray tubes, the electron beam of which is controlled by grids. The 
projections are produced in a successive order bygenerating short X-ray flashes. The 
entire measuring procedure for one frame takes 0.5 ms, i.e. all X-ray tubes flash 
within this period. The detector array consists of 584 CdTe crystals. Consequently, 
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66 independent projections are recorded within the measuring period of 0.5 ms. After 
the image reconstruction, this results in 2000 frames per second with a resolution of 
about 2 mm. These are by far the best results published up to now. 
 
The main disadvantage of high-speed X-ray tomography is its high costs and also the 
requirement for shielding. Unfortunately, the much less expensive methods of 
electrical impedance tomography are not able to provide a comparable spatial 
resolution for some of the principal reasons. This motivated Prasser et al.(1998) to 
start the development of the electrode-mesh tomograph. The goal was to achieve a 
similar high-speed visualisation of transient gas fraction distributions in pipelines 
with a comparatively cheap device. The principle is based on the measurement of the 
local instantaneous conductivity of the two-phase mixture. The time resolution is 
1024 frames per second. The developed signal acquisition circuitry guarantees the 
suppression of crosstalk between selected and non-selected electrodes. In this way 
the highest possible spatial resolution is achieved,which is given by the pitch of the 
electrodes. The sensor is available in two designs: (1) wire-mesh sensor for lab 
applications and (2) sensor with enforced electrode rods for high mechanical loads. 
The electrode rods of the second design are manufactured with a lentil shaped cross-
section in order to reduce pressure drop over the sensor.  
 
Local time varying void fractions were obtained by using the WMS (conductivity) 
measurement transducer. It is suitable for studies of transient two-phase flows, as 
well as for the instrumentation of industrial plants. In those cases, when an intrusive 
sensor is acceptable, the electrode-mesh sensor is an economic alternative to 
expensive X-UD\RUȖ-ray tomographs. The design of this sensor formed the basis for 
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permittivity (capacitance) wire mesh sensor recently developed by Da Silva et al. 
(2007). 
 
3.7.4.1 Design of capacitance wire mesh sensor (CapWMS) 
The CapWMS consists of two parts, the acquisition sensor and the wires of the 
acquisition sensor (the mesh). The acquisition sensor that sits inside the pipe is 
connected with an electrical leads to an electronics box that collect and stores as raw 
data. An acrylic frame supports the sensor and allows fixation into the flow pipe 
section. Figure 3.18 shows an electrical schematic of the CapWMS. The design of 
the acquisition sensor for the capacitance WMS shown in Figure 3.19, consists of 
two parallel wire grids positioned orthogonally but offset by a small distance in the 
axial direction. One grid works as a transmitter while the other as a receiver.  
 
Figure 3.18: Electrical schematic of capacitance WMS (Da Silva et al., 2007) 
 
In the present study, a 24 x 24 wire configuration sensor was used that based on 
capacitance (permittivity) measurements. The sensor comprises two planes of 24 
uncoated stainless steel wires of 0.12 mm diameter, 2.83 mm wire separation within 
each plane, and 1.35 mm axial plane distance. The pressure drop across the sensor is 
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small (approximately 3%), because the wires are evenly distributed over the circular 
pipe cross-section and are widely spreads and only occupy 2-3% of the pipe cross-
section. Therefore, they will not obstruct or stop the flow. Since the square sensor is 
installed in a circular pipe, only 440 of the total 576 wire crossing points are within 
the radius of the pipe. The spatial resolution of the images generated by the sensor is 
2.83 mm, which corresponds to the wire separation within a single plane. Though the 
instrument can sample the entire cross-section at up to 5 kHz, data was acquired at a 
frequency of 1 kHz as this gave sufficient temporal resolution.Trials showed that a 
10 second sampling period gave sufficient data for temporal resolution.  
 
Figure 3.19: Capacitance wire mesh sensor 24 x 24 (Left) Sketch of wire mesh 
sensor (Right) 
 
3.7.4.2 Principle of capacitance wire mesh sensor (CapWMS) 
The principle of the sensor is based on two planes of wires, where one grid works as 
a transmitter while the other as a receiver. By activating each wire successively, the 
current at each crossing point is detected. During the measuring cycle, the transmitter 
wires are activated in a successive order while all other wires are kept at the ground 
potential. For each time frame, a transmitter wire is activated and all the receiver 
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wires are sampled in parallel (Da Silva et al, 2007a-c). Each crossing point of the 
transmitter and receiver electrodes is scanned individually, generating a matrix in the 
x-y plane depending on the size of the sensor.  The local instantaneous void fractions 
are calculated from the measured capacitance between crossing points, a series of 2 
dimensional data sets can be obtained. By reconstructing these sets in time sequence, 
a high speed visualization may be achieved.  
 
3.7.4.3 Calibration and validation of CapWMS 
As mentioned earlier in this chapter, this present work is the first attempt to adapt the 
usage of CapWMS to study two immiscible liquid flowing through pipe expansion in 
horizontal and inclined horizontal. Therefore, all the necessary precaution needs to 
be taken in account. Routine calibrations of the system is requires and it is conducted 
twice daily i.e. in the morning (before start any experimental measurement) and in 
the evening (after finishing the experimental measurement). In this work, routine 
calibration of the CapWMS was made on bench due to the difficulty in getting the 
test section fully occupied by the liquid. Especially, calibration for silicone oil which 
need to be done without any residual of air or water in the test section. The CapWMS 
sensor was submerged in one of the liquids i.e. water or silicone oil in a piece of the 
test section. The liquid was left for appropriate period to settle down before starting 
to take calibration measurement. A 30-second period of measurement was found to 
be sufficient for the calibration for each liquid. After each calibration runs, the 
CapWMS was rinsed with deionised water a few times, generally to ensures the 
meshes is kept clean before commence calibrations of the other liquid. However, fine 
droplet/droplets are sometimes remained to adhere to the wires. These droplets will 
influenced and affect the CapWMS calibration. Wire mesh cleaning was therefore 
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performed very thoroughly each time before starting any calibration. The images 
produced during the static calibration of the CapWMS shown in Figure 3.20, with 
high confidence level in the output of CapWMS instrument used. 
 
 
      (a)                        (b)                        (c)                       (d)  
Figure 3.20: Tomographic images of water-oil in horizontal pipe. (a) water only, (b) 
silicone oil only and (c) oil volume fraction 0.4 (d) oil volume fraction 0.6. 
 
3.7.4.4  Determination of Oil Volume Fraction 
The relative volume occupied by oil in the two-phase flow is defined as oil volume 
fraction and it is also known as hold-up. Currently, there are several techniques for 
imaging the phase distribution in a pipe cross-section, as reviewed in Chapter 2. Wire 
Mesh Sensor is chosen among them because it is a fast method for imaging the 
dynamic of the processes. 
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CHAPTER 4 
WIRE MESH SENSOR AND ANALYSIS 
 
 
 
 
When two immiscible liquids flow together through a pipe, then they can distribute 
themselves in a variety of flow configurations. Therefore, prediction of oil-water 
flow characteristics such as spatial distribution and interface shapes are of significant 
importance.  
 
The possibilities of using of Wire Mesh Sensor as a tool to imaging the spatial 
distribution across the pipe cross-section in liquid-liquid two-phase flows have been 
reviewed extensively in the previous chapters. Thus in that chapters, the fundamental 
concept of wire mesh sensor is briefly described. This included the design of sensor 
and calibration of sensor system for oil-water system.  
 
A new 24 x 24 capacitance sensor has been developed. With this, cross section oil-
water distribution images of the spatial distribution and interfaces curve were 
obtained at the various flow conditions for horizontal and small inclination angles. In 
addition, this is the simplest and fastest procedure capable of real-time operation in 
dynamic two-phase flows.  
 
 
Chapter 4: Wire mesh sensor and analysis 
90 
 
The prescription of the free interface configuration in gas-liquid and liquid-liquid 
systems is of importance in a variety of equipment and processes. Of particular 
importance is the interface curvature in two-phase flow systems. In stratified flow 
pattern, particularly when the viscosity ratio is high, the interface curvature and its 
influence on wetted areas may be of crucial effect on the flow pressure drop; for 
example, the performance of crude-oil/water transportation lines (Russell & Charles 
1959; Charles 1960; Charles & Redberger 1962). 
 
So far, stratified two-phase flow studies have assumed plane interface between the 
phases, which may be reasonable in gas-liquid (air-water) systems (Gemmell & 
Epstein, 1962; Wallis, 1969; Taitel & Dukler, 1976; Brauner & Moalem Maron, 
1989; Hall & Hewitt, 1993). Previous studies, focusing on liquid-liquid two-phase 
systems, point out the need to account for phases wet ability properties and of the 
interface curvature in solving for the two-phase pressure-drop, in-situ holdup and the 
stability of the free interface (Russell et al., 1959; Bentwich, 1964, 1976; Yu & 
Sparrow, 1969; Hasson et al., 1970; Brauner & Moalem Maron, 1992(a), 1992(b); 
Barajas & Panton, 1993).  
 
It is therefore, the objective of the present study to provide a predictive tool for 
determining the spatial distribution and characteristic interface curvature in two 
phase liquid-liquid systems. The prescription of the interface configuration is a basic 
input which is needed to further the modelling of two-phase flow problems in a 
variety of two-fluid systems (Brauner, 1996) 
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4.1 Wire Mesh Sensor Results  
In several areas of liquid-liquid flow there are conflicts between the results obtained 
by some researchers. Most of these conflicts originate from the limitations in 
equipment and instrumentation. These limitations prevented the study of various 
phenomena deeper and the establishment of consensus on the subject. In response to 
reasons above and also the need for better understanding in liquid-liquid flow, ideas 
to study on application of tomography to internally diagnose the mixing and phase 
distributions within process units was developed. Tomographic techniques generally 
produce cross-VHFWLRQDORUµVOLFHLPDJHV¶LOOXVWUDWLQJWKHVSDWLDOYDULDWLRQLQDRQHRU
more physical parameter based on sets of boundary measurements. Currently, there 
are several techniques for imaging the phase distribution in a pipe cross-section, as 
reviewed in Chapter 2. Wire mesh sensor is chosen among them because it is a fast 
method for imaging the process dynamics. Furthermore, WMS system has not been 
used for liquid-liquid two-phase flow. In other word, this is the first attempt to adapt 
the usage of WMS in such flow system. The purposes of this study are to explore and 
examine the ability of capacitance wire mesh sensor in imaging stratifying oil-water 
flow and each liquid in a background of the other at steady state. 
 
4.2 Experimental Design  
In order to explore the spatial distribution, variation of interfacial shape and waves 
evolution of a dispersed to segregated flow through sudden expansion, the 
experiments are designed to distribute the inlets conditions in dispersed regimes as 
many flow pattern encountered as possible within the rig and possible operational 
limits as shown in Figure 4.1. Three flows encountered for the inlets flows are Dw/o 
& Do/w, o/w and Do/w & w. All downstream flows in the expansion are designed to 
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distribute in the ST and ST&MI regimes. For a given condition set, the flow pattern 
evolution from a dispersed to segregated flow through the sudden expansion is along 
its oil volume fraction line as shown in Figure 4.2. It starts from superficial mixture 
orifice velocity (Usmo) and ends at a corresponding superficial downstream mixture 
velocity (Usme) in the test section (expansion). 
 
Figure 4.1: Mixture velocities after orifice (Usmo) and mixture velocities downstream 
(Usme) of flow pattern encountered within the rig and possible operational limits 
plotted on flow pattern map of Trallero et al. (1997). 
 
 
Figure 4.2: Usmo and Usme of flow pattern transition through the system and WMS 
images plotted on horizontal liquid-liquid flow pattern map of Trallero et al. (1997).  
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All the experiments were carried out using CapWMS. Such experiments using 
CapWMS were the first time to be carried out in the oil-water flow system. 
Measurements were performed at three distances downstream of the expansion of 
10D (near), 20D (middle) and34D (far), where D is the internal diameter of the pipe 
(68 mm). Experiments were conducted for input oil fractions ranging from 0.2 to 0.8 
OVF, orifice open area 32%, downstream expansion mixture velocities (Usme) of 
0.20, 0.30, & 0.35 m/s with a horizontal pipe or inclined at angles of +6, +3, -3 & -6 
degrees. The CapWMS calibration method is applied in all experiments. The 
summary of the experimental conditions is given in Table 4.1.  
 
A continuous measurement was then logged by a computer and allowed the 
proprietary software to produce volume fraction as shown in Figure 4.3.The data 
collection was carried out using a PC associated with data acquisition system and 
WMS equipment wherein the CapWMS was employed at locations along the test 
section (expansion pipe). This PC was utilised as a tool for data collecting and 
storage only. The raw data then analysed using copyrighted software supplied by the 
manufacturer to produce images of spatial volume fraction results. These data then 
was used for further data processing. 
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Table 4.1 Summary of Experimental conditions. 
Input oil 
fraction 
(%) 
Mixture orifice 
velocity, Usmo 
(m/s) 
Downstream 
velocity, Usme 
(m/s) 
Angle of 
inclination  
Orifice 
open area 
 
20 
 
40 
 
60 
 
80 
 
2.00 
 
 
0.20 
 
+6º 
 
+3º 
 
0º 
 
-3º 
 
-6º 
 
 
 
 
 
32% 
 
3.00 
 
0.30 
 
3.50 
 
0.35 
 
 
Figure 4.3: The capacitance wire mesh sensor (CapWMS) system on experimental 
rig. 
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4.3 Experiment results and discussion 
 
According to the flow pattern map of Trallero et al (1997), all the downstream flow 
patterns in the expansion in the present study are in the segregated flow regimes, if 
they were fully developed horizontal flows. However, in real situation there are other 
factors assisting the flow segregation as discussed in details in Chapter 3. Input oil 
volume fraction (OVF) and the downstream superficial mixture velocity (Usme) are 
among the factors that affect the phase layer evolution. In this section the flow 
development along expansion pipe and interface shapes of the singularity are to be 
recognised by data and images obtained from the CapWMS. Furthermore, the effect 
of the mixture velocity, oil volume fraction and distance from expansion are explored 
for the different pipe orientations. As well as explaining the relationship between the 
data and images captured with phase volume fraction distributions of oil-water flow 
established by previous researchers. 
 
Many analysis of stratified flow assume that the interface between the phases is flat 
(Agrawal et al, 1973; Taitel and Dukler, 1976 and Hall, 1992). However actual 
interface may not be flat; there are, of course, interfacial waves in many cases, but 
even in time averaged sense, the interface may be curved. Interface curvature 
introduced by interfacial tension may occur in all two phase flow but it is likely to be 
most severe in case of liquid-liquid flow.   
 
In this chapter, discussions were made based on the first interpretation of the 
CapWMS results to demonstrate the advantages of Wire Mesh Sensor, i.e., good in-
line visualization capabilities due to its high resolution, providing reliable 
information across the full cross section of a pipe.  
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4.3.1 WMS results for horizontal pipe expansion 
Figures 4.4 and 4.5 show the phase volume fraction in horizontally pipe flow at10D 
and 34D measurement distance from expansion respectively, for downstream 
mixture velocity, 0.2 m/s. Figure 4.4 shows that at a downstream mixture velocity of 
0.2 m/s, in water continuous flow at 10D distance from expansion the flow is semi-
dispersed. However for 0.6 - 0.8 oil input volume fraction, the separation layer 
started to evolved to a stratified with mixed layer at interface (ST&MI). Therefore, 
for a downstream mixture velocity of 0.20 m/s, a shorter pipe distance is sufficient 
for a flow to be developed to stratified mixed with layer at the interface (ST&MI). 
  
Figure 4.4: Oil volume fraction and phase distributions in a pipe cross section for 
distance from expansion 10D, mixture velocity 0.20 m/s and horizontal flow, at 
different input oil fractions 
 
Interestingly as demonstrated in Figure 4.5, for a downstream mixture velocity of 0.2 
m/s at 34D distance from expansion, the layers of oil and water could be seen more 
clearly. At all input volume fraction at this flow conditions, the flow evolves to either 
stratified mixed with layer at the interface (ST&MI) or fully developed stratified 
(ST) regime. 
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Figure 4.5: Oil volume fraction and phase distribution in a pipe cross section for 
distance from expansion 34D, mixture velocity 0.20 m/s and horizontal flow, at 
different input oil fractions. 
 
In order to associate the effect of downstream mixture velocity to the phase volume 
fraction along the expansion for horizontally pipe orientations flow, results from the 
CapWMS were presented as Figures 4.6 -4.7. As Figure 4.6 shows the liquids are 
homogeneous flow for a higher downstream mixture velocity, Usme 0.30 and 0.35 
m/s. At this point, the dispersed flows are well mixed, so that the oil and water 
velocities are similar. This confirms the results of Charles et al 1961; Martinez et al. 
(1988) and Soleimani et al. (1999a) who studied hold-up at the higher mixture 
velocity. However, for the downstream mixture velocity, Usme 0.20 m/s, at 10D from 
expansion, it can be seen that segregation started to take place. The same 
phenomenon was also observed for 0.4 OVF as presented in Figure 4.7. Therefore, 
for water continuous flow, only at low downstream mixture velocity, the phase 
distribution is affected. It could be conclude that by increasing the downstream 
mixture velocity, the segregation process is diminished. 
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Figure 4.6: Oil volume fraction in a pipe cross section for distance from expansion 
34D, input oil fraction 0.2 and horizontal flow, at different mixture velocities. 
 
 
Figure 4.7: Oil volume fraction in a pipe cross section for distance from expansion 
34D, input oil fraction 0.4 and horizontal flow, at different mixture velocities. 
 
As exemplified in Figures 4.8 and 4.9, at higher input oil volume fraction, 
downstream mixture velocity has minimal effect on the phase separation. 
Segregation of phases occurs at all Usme. At higher downstream mixture velocities, 
Usme 0.30 and 0.35 m/s, the flow is stratified with mixed layer at the interface. As for 
Usme 0.20 m/s, stratified flow had been achieved.  
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Figure 4.8: Oil volume fraction in a pipe cross section for distance from expansion 
34D, input oil fraction 0.6 and horizontal flow, at different mixture velocities. 
 
 
Figure 4.9: Oil volume fraction in a pipe cross section for distance from expansion 
34D, input oil fraction 0.8 and horizontal flow, at different mixture velocities. 
 
The growth of oil layer at the top of the pipe cross section is constant as it moves 
toward the 34D (far position) as shown in Figure 4.10. At 34D distance from the 
expansion, the two liquids were clearly separated.        
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Figure 4.10: Oil volume fraction in a pipe cross section for mixture velocity 0.20 
m/s, input oil fraction 0.2 and horizontal flow, at different distances from expansion. 
 
With further analysis, the WMS images can be used to identify the development of 
the stratified (ST) or stratified mixed with layer at the interface (ST&MI) flow at the 
far position as resulted from dispersed flow at upstream expansion. 
 
4.3.1.1 Interface Shapes and Waves ± Horizontal pipe orientation 
The interface shape for the stratified oil-water flow in horizontal pipeline can be 
classified into three types: namely plane horizontal interface, concave interface and 
convex interface as proposed by Brauner et al. (1996). Similar interface shapes were 
also reported using a high frequency probe and a gamma densitometer system 
(Soleimani et al., 1999a; Angeli and Hewitt, 2000b; Lovick and Angeli, 2004; Lum 
et al., 2006). 
 
Figures 4.11 - 4.13 show the interface shapes of the flow downstream of the 
expansion at mixture velocity 0.20 m/s for different input oil fractions. It can be seen 
that at the nearest axial position (10D) from the expansion, the water interface (blue) 
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shapes are convex for water and oil continuous flow regime. However as for the oil 
interface (red) shapes, further increase the input oil fraction within the water 
continuous flow regime, the interface shape developed to concave shape. Whilst, for 
oil continuous flow regime, the oil interface shapes converted to convex with the 
increases of input oil fraction. With, 0.6 OVF is the transition from concave to 
convex oil interface as shown in Figure 4.11. 
    
            0.2 OVF                   0.4 OVF                  0.6 OVF                   0.8 OVF 
Figure 4.11: Interface shape for distance from expansion 10D, mixture velocity 0.2 
m/s and horizontal flow, at different input oil fractions. 
 
Further downstream the expansion, at 20D, due to segregation processes starting to 
take place, the interface shape changes as illustrated in Figure 4.12. Convex oil 
interface could be seen at the lower input oil fraction (0.2 OVF). Interestingly, 
concave oil interface were observed for the other input oil fractions at these position. 
Therefore, the present result is in agreement with Hasan (2006) and also confirms the 
results of Valle and Kvandal (1995), Soleimani et al. (1999a), Angeli and Hewitt 
(2000) and Lovick and Angeli (2004a). As for the water interface; for water 
continuous flow regime, the interfaces are convex, while for oil continuous flow 
nearly flat interfaces were observed.  
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         0.2 OVF                     0.4 OVF                    0.6 OVF                    0.8 OVF 
Figure 4.12: Interface shape for distance from expansion 20D, mixture velocity 0.2 
m/s and horizontal flow, at different input oil fractions. 
 
Figure 4.13 shows the interface shapes at the farthest downstream of the expansion 
(34D), at 0.2 OVF, convex water interface could be seen. For the others input oil 
fraction, flat water interface shapes were detected. However, in oil continuous flow 
regime, the oil interfaces were flat shapes. In contrary, the oil interface shape for 
water continuous flow regime, particularly at 0.2 input volumes fraction is concave 
interface. Interestingly, the interface is convex for 0.4 input oil volume fractions, 
while it was initially concave in shape for the near (10D) and middle (20D) axial 
position of the expansion. It was observed this phenomenon is due to the influences 
of large oil drops layer flowing in the core of the pipe. 
 
           0.2 OVF                     0.4 OVF                    0.6 OVF                  0.8 OVF 
Figure 4.13: Interface shape for distance from expansion 34D, mixture velocity 0.2 
m/s and horizontal flow, at different input oil fractions. 
 
As for the horizontal pipe orientation, there were no waves observed for all the flow 
conditions whether at the near or far axial position downstream of the expansion. In 
water continuous flow, the flow is dispersed flow. Increases the input oil fractions, 
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the dispersed flow at the near position developed to segregated flow. In general, 10D 
downstream the expansion, higher input oil volume fraction produces larger water 
drops dispersed in the mixed layer near to the water layer as shown in Figure 4.14.  
 
At 0.2 input oil volume fractions, the flow was ST&MI flow whilst at an OVF of 0.4; 
large oil droplets were observed flowing in between the water mist and the water 
layer. Interestingly, at the far position, in oil continuous flow, 4 layers were observed 
i.e., oil- mixed layer-oil-water as shown in Figures 4.15. This probably occurring 
because the drops are coalescing due to the high concentration of drop at that zone, 
near to the interface. Also due to the velocity gradient which is affecting their ability 
to coalesce with the mass body of water. Furthermore, increase in oil fraction, the 
water mist layer becomes nearer to the water layer. 
(a) 
(b) 
(c) 
(d) 
Figure 4.14: Spatial distribution for distance from expansion 10D, mixture velocity 
0.2 m/s and horizontal flow:  (a) 0.2 OVF  (b) 0.4 OVF  (c) 0.6 OVF (d) 0.8 OVF. 
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(a)
(b) 
(c) 
(d) 
Figure 4.15: Spatial distribution for distance from expansion 34D, mixture velocity 
0.2 m/s and horizontal flow:(a) 0.2 OVF  (b) 0.4 OVF (c) 0.6 OVF (d)0.8 OVF. 
 
4.3.2 WMS results for an upward inclined pipe expansion 
The interface level decreased fairly as the input oil volume fraction increases when 
the orientation of the pipe is set to be upward inclination (Taitel and Dukler, 1976).  
Figures 4.16 demonstrated the spatial distribution in the pipe cross section at 34D 
distance from expansion, downstream mixture velocity, Usme 0.20 m/s for +6o 
inclination from horizontal. It can be seen that these WMS images of phase volume 
fraction is in agreement with the prediction of the model of Taitel and Dukler (1976).        
Further, in present work, the input oil volume fraction was found to have minimal 
effect on the phase distributions at the near position but very strong influence at the 
far position for upwardly flow. 
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Figure 4.16: Oil volume fraction in a pipe cross section for distance from expansion 
34D, mixture velocity 0.2 m/s and +6 degree flow, at different input oil fractions. 
 
The influences of downstream mixture velocities on the in-situ oil volume fraction 
downstream of the expansion for upward flow are presented in Figures 4.17 and 
4.18. In water continuous flow, increases of the downstream mixture velocity, the oil 
phase layer that can be seen at lower Usme gradually diminished. The transition of the 
flow is as shown in Figure 4.17. At higher Usme, a fully dispersed flow was recorded.  
 
Figure 4.17: Oil volume fraction in a pipe cross section for distance from expansion 
34D, input oil fraction 0.2 and +6 degree flow, at different mixture velocities. 
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In contrary, oil continuous flow, the effect of the downstream mixture velocity on the 
in-situ volume fraction at 34D distance from expansion is different. Figure 4.18 
demonstrate that for all downstream mixture velocity, segregation occurs.  
 
Figure 4.18: Oil volume fraction in a pipe cross section for distance from expansion 
34D, input oil fraction 0.8 and +6 degree flow, at different mixture velocities. 
 
The development of water layer is constant further downstream the expansion. Rapid 
change to the water level occurs beyond 10D downstream expansion as shown in 
Figure 4.19. Interestingly, the height of the water layer is higher (Figure 4.19) 
compared to the water layer of horizontal pipe orientation (Figure 4.10). Generally, it 
indicates that within +6o upward inclination angles, the lighter phase layer at the pipe 
top flows faster than the heavier phase layer that flowing at the bottom of the pipe. 
This is in agreement with the prediction of interfacial level with the model of Taitel 
and Dukler (1976) by Yang (2003). Further, in present work, the input oil volume 
fraction was found to have minimal effect on the phase distributions at the near 
position (10D) but very strong influence at the far position for upwardly flow. 
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Figure 4.19: Oil volume fraction and phase distribution in a pipe cross section for 
mixture velocity 0.20 m/s, input oil fraction 0.2 and +6 degree flow, at different 
distances from expansion. 
 
Conversely, flow pattern observed in +6o upward inclined pipe flows for high input 
oil volume fraction (0.8) at 0.20 m/s downstream mixture velocity (Figure 4.20), was 
stratified flow (ST). Nonetheless, for all the high downstream mixture velocity, 0.35 
m/s at both +6o and +3o upward inclination, there are no clear oil and water interfaces 
occurring within the test section distance.  
 
Figure 4.20: Oil volume fraction and phase distribution in a pipe cross section for 
mixture velocity 0.20 m/s, input oil fraction 0.8 and +6 degree flow, at different 
distances from expansion. 
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4.3.2.1 Interface Shapes and Waves ± Upward pipe orientation 
Figures 4.21 - 4.23 show the interface shapes of the flow downstream of the 
expansion at mixture velocity 0.20 m/s for different input oil fractions at upward pipe 
orientation. It can be seen that at the nearest axial position (10D) from the expansion, 
the water interface shapes for flow that have large ratio differences of the continuous 
and dispersed phase, are not clear. Meanwhile convex water interface were observed 
for 0.4 and 0.6 OVF. As for the oil interface, concave shapes developed as the input 
oil volume fraction increased as shown in Figure 4.21. 
    
         0.2 OVF                   0.4 OVF                   0.6 OVF                    0.8 OVF 
Figure 4.21: Interface shape for distance from expansion 10D, mixture velocity 0.2 
m/s and +6o upward flow, at different input oil fractions. 
 
 
As seen in Figure 4.22, concave oil interface remains seen at 20D downstream of the 
expansion for 0.4 and 0.6 OVF. Meanwhile, the oil interface starting to develop to 
convex interface at this distance from expansion. Interestingly, plane horizontal 
water interface were observed for the 0.2 input oil fractions at these position. As for 
the other OVF, water interfaces are convex, except for 0.8 OVF, no clear interface 
shapes were observed. 
 
 
Chapter 4: Wire mesh sensor and analysis 
109 
 
    
         0.2 OVF                    0.4 OVF                  0.6 OVF                   0.8 OVF 
Figure 4.22: Interface shape for distance from expansion 20D, mixture velocity 0.2 
m/s and +6o upward flow, at different input oil fractions. 
 
Figure 4.23 shows the interface shapes at the farthest downstream the expansion. The 
oil interface shapes are similar to Figure 4.22. The water interfaces were flat shapes 
for all input fraction except at 0.8, where the interface shape is not clear due to the 
thin water layer.  
    
         0.2 OVF                   0.4 OVF                    0.6 OVF                   0.8 OVF 
Figure 4.23: Interface shape for distance from expansion 34D, mixture velocity 0.2 
m/s and +6o upward flow, at different input oil fractions. 
 
As for the upward inclined pipe orientation, due to the breakdown process of the 
dispersion, waves were observed at the interface between water and the mixed layer. 
The initial occurrences of waves were observed to be at the near axial position (10D) 
at all input oil volume fraction except at 0.2 OVF (Figure 4.24). However the 
breakdown process is more severe at 0.8 OVF. The amplitude of the waves is: ~ 
0.29D for 0.8 OVF; ~ 0.22D for 0.6 OVF and ~ 0.26D for 0.4 OVF. The higher the 
input oil volume fraction within it flow regime (oil continuous or water continuous), 
the larger the waves become. Subsequently, at the outlet end (34D), waves were only 
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observed at the highest input oil volume fraction (0.8) as in Figure 4.25 with 
amplitude of ~ 0.37D.  
(a) 
(b) 
(c) 
(d) 
Figure 4.24: Spatial distribution for distance from expansion 10D, mixture velocity 
0.2 m/s and +6o upward flow:(a) 0.2 OVF (b) 0.4 OVF (c) 0.6 OVF (d) 0.8 OVF. 
 
Similarly to what has been observed at horizontal pipe orientation, 4 layers phase 
also could be seen flowing in the upward flow for 0.4 and 0.6 OVF at this farthest 
axial position.  
(a) 
(b) 
(c) 
(d) 
Figure 4.25: Spatial distribution for distance from expansion 34D, mixture velocity 
0.2 m/s and +6o upward flow, (a) 0.2 OVF (b) 0.4 OVF (c) 0.6 OVF (d) 0.8 OVF. 
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4.3.3 WMS results for a downward inclined pipe expansion 
In this section, oil distributions in two-phase oil-water flow were measured for 
downward flow at the same experiments conditions as stated for upward flow.  
 
Figures 4.26 demonstrated the spatial distribution in the pipe cross section at 34D 
distance from expansion, downstream mixture velocity, Usme 0.20 m/s for downward 
inclined pipe orientation. It can be seen that these WMS images of phase volume 
fraction is in agreement with the prediction of the model of Taitel and Dukler (1976). 
Even though for 0.4 and 0.6 OVF, the interface level of water are about the same 
height. Interestingly, the thicknesses of water layer were found to be lower in 
downward flow compared to the other pipe orientations (horizontal and upward). 
This indicates water phase flows much faster than the oil phase. Thus, slower flows 
of an oil phase, the growth of the oil layer occurs much faster than the fast moving 
water.  
 
Figure 4.26: Oil volume fraction in a pipe cross section for distance from expansion 
34D, mixture velocity 0.2 m/s and -6 degree flow, at different input oil fractions. 
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As the inclination angle were decreased, at -3o downward flow, elevation of water 
layer at all OVF increases as demonstrated in Figure 4.27. However it is minimal as 
compared to the growth of the oil layer which accumulates rapidly at the pipe top due 
to the aforesaid reasons as in -6o flow conditions.  
 
Figure 4.27: Oil volume fraction in a pipe cross section for distance from expansion 
34D, mixture velocity 0.20 m/s and -3 degree flow, at different input oil fractions. 
 
Figure 4.28 shows the influences of downstream mixture velocities on the in-situ oil 
volume fraction in water continuous flow downstream of the expansion for 
downward flow. At lower Usme, the mixtures flow was segregated, and at the farthest 
position downstream, clear oil layer at the pipe top and water at pipe bottom can be 
seen. The oil layer at the pipe top diminished as the mixture velocity increases due to 
this high mixture velocity and to the fast flow of the heavier layer, i.e., mixed layer 
in this case. Affecting the coalescence and settling process of oil droplets, hence no 
clear oil layer occurs within the test distance. 
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Figure 4.28: Oil volume fraction in a pipe cross section for distance from expansion 
34D, input oil fraction 0.2 and -6 degree flow, at different mixture velocities. 
 
The effect of the downstream mixture velocity at 34D distance from expansion was 
further investigate, this time for an oil continuous flow as shown in Figure 4.29. 
Similarly, water layer could be observed flowing at the pipe bottom for low 
downstream mixture velocity. Yet, the layer is a thinner water layer. Increasing the 
downstream mixture velocity, the segregation process was delayed due to slower 
coalescence rate of the droplets in this higher turbulence intensity dispersion. 
Therefore, within the test distance, at the highest Usme, water droplets were still 
dispersed. Hence, the thin water layers disappear.  
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Figure 4.29: Oil volume fraction in a pipe cross section for distance from expansion 
34D, input oil fraction 0.8 and -6 degree flow, at different mixture velocities. 
 
Influences of the distances from expansion on the volume fraction distribution for 
downward flow, results from the capacitance WMS were presented as Figures 4.30 
and 4.31. In both water and oil continuous flow the development of water and oil 
layer is stables further downstream the expansion. Segregation has started occurring 
at 10D downstream the expansion. Therefore, in downward inclined flows, effect of 
distance from expansion on the oil volume fraction is minimal.  
 
Figure 4.30: Oil volume fraction in a pipe cross section for mixture velocity 0.20 
m/s, input oil fraction 0.2 and -6 degree flow, at different distances from expansion. 
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Figure 4.31: Oil volume fraction in a pipe cross section for mixture velocity 0.20 
m/s, input oil fraction 0.8 and -6 degree flow, at different distances from expansion. 
 
4.3.3.1 Interface Shapes and Waves ±Downward pipe orientation 
Figures 4.32 - 4.34 show the interface shapes of the flow downstream of the 
expansion at mixture velocity 0.20 m/s for different input oil fractions in a downward 
pipe orientation. At the near position, the water interface shapes are convex in both 
oil and water continuous flow regime as shown in Figure 4.32. However for mixture 
with lower ratio differences of the dispersed and continuous phase, i.e., 0.4 and 0.6 
OVF, concave oil interfaces could be seen. In contrary, at 0.8 OVF, nearly horizontal 
shapes of oil interface appear at these near position whilst no clear interface layer 
could be seen at 0.2 OVF.  
     
           0.2 OVF                   0.4 OVF                  0.6 OVF                   0.8 OVF 
Figure 4.32: Interface shape for distance from expansion 10D, mixture velocity 0.2 
m/s and -6o downward flow, at different input oil fractions. 
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At the middle position of the test distance, 20D, similar oil interface shapes as at 10D 
occurs for 0.4, 0.6 and 0.8 OVF. This concave interface shape was also observed by 
Hasan (2006). Meanwhile, at lowest input oil volume fraction (0.2), due to 
segregation processes starting to take place, the oil interface shape evolves to convex 
shapes as illustrated in Figure 4.33. Interestingly, convex water interface seen earlier 
at 10D evolves to plane horizontal interfaces at these axial positions for all input oil 
volume fraction. 
    
         0.2 OVF                   0.4 OVF                    0.6 OVF                  0.8 OVF 
Figure 4.33: Interface shape for distance from expansion 20D, mixture velocity 0.2 
m/s and -6o downward flow, at different input oil fractions. 
 
Figure 4.34 show the interface shapes at 34D downstream the pipe expansion. At this 
position, segregation is clearly observed as the layer of oil and water are well 
distinguished. Besides, the water interface shape is plane horizontal at this position 
except at 0.8 OVF which is concave, due to the thin layer of water being pushed to 
the wall by the oil. Whilst, the oil interface shapes remains convex for 0.2 OVF and 
concave for 0.4 and 0.6 OVF. The oil interface evolves to plane horizontal for 0.8 
input oil volume fraction.  
    
        0.2 OVF                    0.4 OVF                     0.6 OVF                   0.8 OVF 
Figure 4.34: Interface shape for distance from expansion 34D, mixture velocity 0.2 
m/s and -6o downward flow, at different input oil fractions. 
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As for the downward pipe orientation, there were no waves observed for all the flow 
conditions whether at the near or far axial position downstream of the expansion. In 
water continuous flow regime, the flow is ST&MI flow at 0.2 and 0.4 OVF. 
However, at 0.4 OVF, the mixed layer is more chaotic. Increases the input oil 
fractions to oil continuous flow regime, the ST&MI flow was observed as shown in 
Figure 4.35. 
(a) 
(b) 
(c) 
(d) 
Figure 4.35: Spatial distribution for distance from expansion 34D, mixture velocity 
0.2 m/s and -6o downward flow:(a) 0.2 OVF (b) 0.4 OVF (c) 0.6 OVF (d) 0.8 OVF 
 
4.3.4 Comparison between different angles of inclination 
Figure 4.36 shows that the effect of the angle of the pipe inclination on the evolution 
of volume fraction layer at 10D, downstream mixture velocity of 0.20 m/s for 0.2 
input oil fraction. The stratified with mixed layer at the interface (ST&MI) flow 
pattern is developing at all of the pipe orientation. Interestingly, it could be observed 
that the thickness of water layer increases as the inclined angle increases during the 
volume fraction layer evolution downstream of the singularity. This phenomenon 
was also observed by Yang (2003). However, as it moves toward the far end of the 
test section, at 34D downstream the expansion, the flow pattern evolve to stratified 
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flow (ST) for horizontal and upward inclination pipe orientation. Whilst for 
downward pipe orientation, the flow pattern remains to be stratified with mixed layer 
at the interface (ST&MI) as shown in Figure 4.37. Furthermore, due to the low 
downstream mixture velocity, stratification of water has occurred at this axial 
position downstream the expansion (34D). As a result, the thickness of the water 
layer at this position is the same, even though the angle of the inclination was 
increases. 
     
        a. +6o            b. +3o            c. Horizontal        d. -3o            e. -6o 
Figure 4.36: Phase distribution in a pipe cross-section for distance from expansion 
10D, mixture velocity 0.20 m/s, input oil fraction 0.2 at different angles of 
inclination. 
 
     
        a. +6o            b. +3o            c. Horizontal       d. -3o           e. -6o 
Figure 4.37 Phase distribution in a pipe cross-section for distance from expansion 
34D, mixture velocity 0.20 m/s, input oil fraction 0.2 at different angles of 
inclination. 
 
As for higher input oil volume fraction (0.8), Figure 4.38 shows the effect of the 
angle of the pipe inclination on the evolution of volume fraction layer at 10D, 
downstream mixture velocity of 0.20 m/s. In general, the same phenomenon as for 
lower input oil volume fraction occurred. For all angle of the pipe orientation, the 
dispersed flow evolved to stratify with mixed layer at the interface (ST&MI) flow. 
The thickness of water layer also increases as the inclined angle increases during the 
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volume fraction layer evolution downstream of the singularity as were also reported 
by Yang (2003). As for the volume fraction distribution at 34D downstream the 
expansion, the flow pattern evolve to stratified flow (ST) for horizontal and 
downward inclination pipe orientation. Whilst for upward pipe orientation, the flow 
pattern remains to be stratified with mixed layer at the interface (ST&MI) as shown 
in Figure 4.39. This occurrence is contrary to what happen in the lower input oil 
volume fraction system. The chaotic interface according to Yang (2003) is due to 
when the angle of inclination increase, the amplitude of the waves increases. 
Nonetheless, at the downward inclined angles, these waves dissipate quickly with 
very thin water layer. Hence, by visual observation (naked eyes) and data from WMS 
(Figure 4.1), segregated flow could be observed at these conditions as demonstrated 
in Figure 4.39 (d&e).  
     
        a. +6o            b. +3o               c. Horizontal       d. -3o                         e. -6o 
Figure 4.38: Phase distribution in a pipe cross-section for distance from expansion 
10D, mixture velocity 0.20 m/s, input oil fraction 0.8 at different angles of 
inclination. 
 
     
         a. +6o            b. +3o         c. Horizontal       d. -3o           e. -6o 
Figure 4.39: Phase distribution in a pipe cross-section for distance from expansion 
34D, mixture velocity 0.20 m/s, input oil fraction 0.8 at different angles of 
inclination. 
 
Chapter 4: Wire mesh sensor and analysis 
120 
 
Results of the interface shapes for the stratified oil-water flow of Hasan (2006) at 
24D were compared with present data at 20D. Hasan (2006) observed a concave 
interface shape at this position for horizontal and downward pipe orientation as 
shown in Figure 4.40 and 4.41. Interestingly, in the present work this was confirmed 
(refer to Figure 4.12 and 4.33), the same interface shapes was also identified. Even 
though the spatial accuracy of the WMS better than the spatial accuracy of ECT. The 
fact that both techniques giving the same trend, basically give confirmation of the 
results presented above. 
 
             0.2 OVF                                0.5 OVF                             0.7 OVF 
Figure 4.40: Phase distribution in a pipe cross-section for distance from expansion 
24D, mixture velocity 0.2 m/s and horizontal flow, at different input oil fractions 
(Hasan, 2006). 
 
 
        0.2 OVF                                    0.5 OVF                                 0.7 OVF 
Figure 4.41: Phase distribution in a pipe cross-section for distance from expansion 
24D, mixture velocity 0.2 m/s and -4 degree flow, at different input oil fractions 
(Hasan, 2006). 
 
Furthermore, WMS image of the spatial distribution time average were shown in 
Figure 4.42 to visualize the phenomenon of waves in the pipe expansion to show the 
effect of pipe inclination. It was observed that with decrease in the inclined angle, the 
waves gradually dissipate. The highest waves amplitude for +6o orientation is ~ 
0.29D whereas for +3o the waves amplitude is ~ 0.23D. Furthermore, it is noticeable 
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that the occurrence of the waves varies, with the larger the upward angle, the higher 
the frequency of the waves.  
  (+ 6o) 
  (+ 3o) 
        (H) 
 (- 3o) 
 (- 6o) 
Figure 4.42: Spatial distribution for distance from expansion 10D, mixture velocity 
0.2 m/s and 0.8 input oil volume fractions at different angles of inclination. 
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CHAPTER 5 
EVOLUTION OF INTERFACE 
 
 
 
 
Separation of two immiscible liquids is important in the petroleum and chemical 
industries. As many liquid-liquid systems travel as one phase dispersed in another. 
To achieve separation these dispersion have to be converted into stratified flow. In 
the previous chapter, application of the latest tomography techniques; capacitance 
wire mesh sensor (CapWMS), tomography techniques to internally diagnose the 
mixing and phase distributions within process units was implemented of the test 
section. The purposes of this study are to explore the factors (rig configuration and 
operational conditions) affecting the evolution of phase layers downstream of the 
pipe expansion. 
 
In designing such simple phase separator, as high a velocity as possible is sought so 
as to minimize the size of equipment. Extensive studies have been reported on the 
liquid-liquid two-phase flow in pipes (Valle, 1998; Azzopardi, 2001; Brauner, 2002). 
When the flow is stratified, the position of the interface can be reasonably predicted 
using the model of Taitel and Dukler (1976), originally developed for gas-liquid 
glow. Kurban et al. (1995) and Simmons et al. (1998) have shown the method to be 
accurate for the horizontal flows. The effect of upward pipe inclination on flow 
pattern in liquid-liquid flows has been the subject of study by Vedapuri et al. (1997 
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and 1999), Lum et al. (2002), Alkaya (2000) and Kurban (1997). However little data 
has been reported in the literature for the flow pattern maps in downwardly inclined 
pipes. Meanwhile there is no report in the literature about the flow pattern evolution 
through a sudden expansion for liquid-liquid two-phase flows. Therefore, the aim of 
this study is to provide data on liquid-liquid two-phase flows through sudden 
expansion for the horizontal and inclined horizontal flows. This chapter reports an 
experimental investigation which has been undertaken to explore the factors 
affecting the evolution of phase layers downstream of the expansion. 
 
5.1 Flow pattern evolution. 
Flow pattern evolution through a sudden pipe expansion for liquid-liquid two phase 
flow has been studied by Yang (2003) and Hasan (2006). In general, dispersed flow 
is characterized by the flow where one phase is dispersed in the other continuous 
phase. The dispersed phase is often present in the form of small droplets that are non-
uniformly scattered within the continuous phase in two immiscible liquids. On the 
other hand, segregated flow is defined as the flow pattern where there is continuity of 
both phases (liquids) in the axial direction. The two liquids flow tends to stratify 
when flowing together in a pipe due to their different densities. There are two flow 
regimes which can be identified as segregated flow pattern, i.e., stratified flow (ST) 
and stratified with mixed layer at the interface (ST&MI). For the ST flow, there are 
only two layers in the pipe: oil layer at the pipe top and water layer at the pipe 
bottom. Whereas ST&MI flow, there are three layers in the pipe: oil layer at the pipe 
top, water layer at the pipe bottom and mixed layer between them. 
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In order to explore the flow pattern evolution from the dispersed to segregated flow 
through the sudden expansion as subjected to operating conditions and pipe 
configurations, an experimental investigation has been commenced. 
 
5.2 Experimental Design  
The experiments have been carried out on the liquid-liquid flow facility as described 
in detail in Chapter 3.The experimental set up using capacitance wire mesh sensor 
(CapWMS) was installed in order to explore the flow pattern evolution from the 
dispersed to segregated flow through the sudden expansion. A range of operating 
conditions (mixture velocities, input oil volume fraction) and pipe configuration 
(horizontal and small inclination from horizontal) were employed, as described in 
Chapter 4. A capacitance wire mesh sensor (CapWMS) was used. Details of the 
experimental design are as in Chapter 4. Here, the data obtained from the CapWMS 
were analysed further. 
 
5.3 Experiment results and discussion 
 
Yang et al. (2003) had performed visual observations of flow patterns downstream of 
a sudden expansion and reported three distinct layers: an oil layer at the pipe top; a 
water layer at the pipe bottom and a mixed layer between them (Figure 5.1). Fully 
stratified flow was hardly ever achieved. Visual assessment and analysis of the cross 
section of the WMS image (WMSp), together with the water (Wwms) and oil (Owms) 
interface level obtained from WMS measurement were performed in the present 
experiment. The findings are in agreement with Yang et al. (2003). Furthermore, this 
was confirmed by the observation of Vedapuri (1999) as shown in Figure 5.2 who 
studied long pipes.  
Chapter 5: Evolution of interface 
125 
 
 
Figure 5.1: Phase layer evolution downstream of the pipe expansion at Usme 0.20 m/s, 
oil volume fraction 0.5 for horizontal pipe orientation plotted with Yang (2003). 
 
 
Figure 5.2: Analysis of the cross section for the three flow pattern observed by 
Vedapuri (1999). 
 
5.3.1 Flow pattern evolution in horizontal pipe expansion 
As observed by Yang (2003), for flow conditions; horizontally pipe orientation, 
downstream velocity 0.2 m/s and 0.5 input oil fraction, the phase layer evolution 
downstream of the singularity was shown earlier in Figure 5.1. Yang (2003) 
established that both the top oil layer and the bottom water layer increase their 
thicknesses along the pipe length whilst the mixed layer diminished. This supported 
the flow pattern maps of Trallero et al. (1997); the flow pattern is converting from 
o/w or Dw/o& Do/w to the ST regime.  
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The physical properties of the phases, the flow pattern and drop sizes present in the 
inlet of the pipe are parameters which are likely to affect the separation. It is 
therefore of interest to examine the effect of input oil volume fraction, the mixture 
velocity and the distance from expansion, for horizontally piping orientations. In this 
chapter, the purpose of these studies is to investigate the effects of the experimental 
conditions on the phase volume fraction distribution and the flow development in 
horizontal pipe.  
 
Figure 5.3 shows the effect of the input oil volume fraction on the phase layer 
evolution downstream of the horizontally pipe expansion at a downstream mixture 
velocity (Usme) 0.20 m/s. The phase layer evolution could be clearly distinguished 
with oil flowing on the pipe top and water on the pipe bottom while mixed layer 
were in flowing in between them. For all input oil volume fractions employed, the 
flows were not fully developed to ST regime within the length of the test pipe. The 
nearest approach was oil volume fraction of 0.2 and 0.8. 
 
Figure 5.3: Effect of the oil volume fraction on the phase layer evolution downstream 
of the horizontally pipe expansion at Usme 0.20 m/s 
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Figure 5.4 presented the same experimental observation of phase layer evolution at 
downstream mixture velocity of 0.30 m/s. If a higher downstream mixture velocity 
i.e. > 02.0 m/s is considered, the approach to stratification is much poor. Indeed for 
an OVF of 0.2, the oil layer was infinitesimal, insignificant layer of the oil only 
occur after 20D downstream the expansion, whilst no clear water layer occurs within 
the test section. This phenomenon was also observed by Yang (2003). At an OVF of 
0.4, water layer and oil layer started to appear, however the layers are slim. 
Conversely, for higher input oil volume fraction, clear water layer could be observed 
especially for 0.6 OVF, beyond 5 downstream pipe diameter of the expansion. The 
oil layer were also clearly evolves within the test section, with thick oil layer were 
observed occurring at 10D downstream the expansion both for 0.6 and 0.8 input oil 
volume fraction. Interestingly, the oil layers at these high OVF, the thickness of the 
oil layer still increasing, indicating that phase layer evolution were still developing.  
 
Figure 5.4: Effect of the oil volume fraction on the phase layer evolution downstream 
of the horizontally pipe expansion at Usme 0.30 m/s 
 
Figure 5.5 demonstrated the phase layer evolution at even higher downstream 
mixture velocity, 0.35 m/s. The same phenomenon was attained as for the phase 
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layer evolution at 0.30 m/s; DSDUW IURPWKHWKLFNQHVVRI WKHSKDVH¶V OD\HUGHFUHDVHG
and the oil layer for 0.2 OVF and water layer for 0.4 OVF were not visible.  
 
Figure 5.5: Effect of the oil volume fraction on the phase layer evolution downstream 
of the horizontally pipe expansion at Usme 0.35 m/s 
 
5.3.2 Flow pattern evolution in an upward inclined pipe expansion 
Most of the flow pattern studies of the two immiscible liquid in pipelines 
concentrated at horizontal or vertical pipe orientation only. Therefore, fairly 
substantial data are available for these conditions. However, for flows at small 
inclination angles, it is still lots to explore. Up to date, there are only a few 
researches on flows pattern for small upward inclinations from horizontal reported in 
journals etc. As predicted by the model of Taitel and Dukler (1976) as show in 
Figure 5.6, pipe inclination will affect the interface level between the two phases for 
the ST regime flow pattern. Generally, it indicates that within +6o upward inclination 
angles, the lighter phase layer at the pipe top flows faster than the heavier phase layer 
that flowing at the bottom of the pipe. However, there are others factors that also 
affect these evolution processes. Therefore, in this section, phase layer in two-phase 
oil-water flow were measured for an upwardly flow inclined which were at the same 
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experiments conditions used in horizontal flow. Analysis of results and discussion 
are presented below. 
 
Figure 5.6: Prediction of interfacial level for stratified flow with the model of Taitel 
and Dukler, 1976 by Yang (2003) 
 
Figure 5.7 shows the trend of the interface between the water layer and oil layer at a 
lower downstream velocity of 0.20 m/s for +3o upward inclined pipe orientation. It 
can be seen that within the test distance, the data from this present work as shown in 
Figure 5.7 are in agreement with Taitel and Dukler (1976) predictions. Phase layer of 
oil and water layer of those flow conditions could be distinct clearly; the oil layer 
was visibly flow at the pipe top and the water layer at the pipe bottom. Nevertheless, 
the flow could not develop to ST regime within the test distance. Instead, the mixed 
layer thicknesses growth to thicker layer compared to the horizontal counterpart. 
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Figure 5.7: Effect of the oil volume fraction on the phase layer evolution downstream 
of the +3o upward inclined pipe expansion at Usme 0.20 m/s 
 
Figure 5.8 shows the trend of the interface between the water layer and oil layer at a 
lower downstream velocity of 0.20 m/s for +6o upward inclined pipe orientation. 
Again, Taitel and Dukler (1976) predictions was seen come to an agreement with the 
data presented. All oil volume fractions disclose a clear interfacial layer of oil 
flowing at the pipe top and water at the pipe bottom while mixed layer flowing in 
between them. With, 0.2 and 0.8 OVF showed noticeably exhibit a clear 
distinguished interfacial phase layers of oil flowing at the pipe top and water at the 
pipe bottom while mixed layer flowing in between them. While, 0.4 and 0.6 OVF, 
the water layer of those two could not be distinct clearly (both have same interface 
height), whereas the oil layer was visibly flow at the pipe top. Even Yang (2003) did 
not report such occurrences of an oil layer. This might be due to the observation of 
the phase layer evolution were made by naked eyes, while in the present work much 
advances techniques (CapWMS) was used. 
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Figure 5.8: Effect of the oil volume fraction on the phase layer evolution downstream 
of the +6o upward inclined pipe expansion at Usme 0.20 m/s 
 
However for the higher downstream mixture velocity, the phase layer evolution at 
+3o and +6o angle of inclination are respectively shown in Figure 5.9 and 5.10. For 
oil dispersed flow at both upward inclination angles, there is no water and oil layer 
measure by the wire mesh sensor. Even though, a very thin oil layer appeared for 0.4 
OVF system for +3o upward inclination, the layer seems to be insignificant (Figure 
5.9). It implies that the flow is still fully mixed for 0.2 and 0.4 OVF within the test 
section.  
 
Figure 5.9: Effect of the oil volume fraction on the phase layer evolution downstream 
of the +3o upward inclined pipe expansion at Usme 0.35 m/s 
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Interestingly, at higher OVF, i.e., 0.6 and 0.8 input oil volume fraction, layer of 
water could be seen as shown in both Figure 5.9 and 5.10, even though the layer is 
considered as a thin water layer. Conversely, a clear oil layer could be seen occurring 
at such OVF. However, these layer thickness decreases with the increase of angle 
inclination. 
 
Figure 5.10: Effect of the oil volume fraction on the phase layer evolution 
downstream of the +6o upward inclined pipe expansion at Usme 0.35 m/s 
 
5.3.3 Flow pattern evolution in downward inclined pipe expansion 
In this section the oil measured distributions for downward flow at the same 
experiments conditions as for upward flow are considered.  
 
In downward inclined pipe orientation, the heavier phase layer moves faster and the 
lighter phase move more slowly. Figure 5.11 and 5.12 show the effect of the input oil 
volume fraction on the phase evolution downstream of the pipe expansion at a 
downstream velocity of 0.20 m/s for a downward inclination. At the same pipe 
distance, as the input oil volume fraction decreases, the thickness of the water layer 
increases. Accordingly, the heavier phase, i.e., water and the mixed layer flowing 
faster than the oil phase. Due to the fast flowing water layer, the evolutions of the 
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water layer were constrained. Hence, the layer was found to be slightly thinner. 
Contrariwise, the oil layer moves slightly slower, therefore evolution of the oil layer 
occurs with thicker layer. Nevertheless, phase layer of oil and water layer of those 
flow conditions could still be distinct clearly; the oil layer was visibly flow at the 
pipe top and the water layer at the pipe bottom.  
 
Figure 5.11: Effect of the oil volume fraction on the phase layer evolution 
downstream of the -3o downward inclined pipe expansion at Usme 0.20 m/s 
 
 
Figure 5.12: Effect of the oil volume fraction on the phase layer evolution 
downstream of the -6o downward inclined pipe expansion at Usme 0.20 m/s 
 
At higher downstream mixture velocity, the phase layer evolution at -3o and -6o angle 
of inclination are respectively shown in Figure 5.13 and 5.14. As revealed earlier, for 
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oil dispersed flow at upward inclination angles, there is no clear water and oil were 
observed. Accordingly, such phenomena only occur at 0.20 input oil volume 
fractions for downward pipe orientation. This indicates that the flow is still fully 
mixed for 0.2 OVF within the test section. Increase the input oil volume fraction 
within the Do/w regime, i.e., 0.4 OVF; thin oil layer was detected on the top of the 
pipe expansion whilst water layer were only observed for larger inclination angle 
(+6o). Further increase the input oil volume fractions to 0.6 and 0.8, the oil are now 
becomes the continuous phase. At these input oil volume fractions, layer of oil were 
clearly emerge. Besides, the water layer was also visibly distinguished at 0.6 OVF 
for both inclinations. Interestingly, there is no water layer occurred at 0.8 OVF at -6o 
downward inclined pipe orientation due to the fast flowing heavier (water) phase. 
Actually, even if the water layer could occur, it may turn into mixed layer due to this 
high velocity.  
 
Figure 5.13: Effect of the oil volume fraction on the phase layer evolution 
downstream of the -3o downward inclined pipe expansion at Usme 0.35 m/s 
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Figure 5.14: Effect of the oil volume fraction on the phase layer evolution 
downstream of the -6o downward inclined pipe expansion at Usme 0.35 m/s 
 
5.4   Comparison between different angles of inclination 
In this section, the influences of the pipe inclination on the phase layer evolution for 
different angles of inclination at downstream of sudden expansion at Usme 0.20 and 
0.30 m/s respectively are shown in Figure 5.15 - 5.17.  Analysis of results and 
discussion are presented below. 
 
Figure 5.15 shows the effect of pipe inclination angles on the phase layer evolution 
of a water continuous flow system (0.2 OVF) at downstream mixture velocity of 0.20 
m/s. At lower downstream mixture velocity, i.e., 0.20 m/s, the dispersed flow 
produced by the multi-hole orifice evolved to semi-stratified flow at the upward and 
horizontal inclinations. Nonetheless, the mixed layer thickness varies; with the mixed 
layer thickness of the horizontal pipe orientation is the smallest. While, at downward 
inclinations, the mixed layer thickness was wider, hence dispersed flow only evolve 
to semi-mixed flow pattern for these conditions. Furthermore, the thickness of the 
water layer increases as the inclined angle increases during the phase layer evolution 
downstream of the singularity. 
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Figure 5.15: Effect of the angles inclination on the phase layer evolution downstream 
of the pipe expansion for 0.2 OVF at downstream mixture velocity, Usme = 0.20 m/s. 
 
In the water continuous flow, when the downstream mixture velocity is increased to 
0.30 m/s, there was no separation visible irrespective of orientation of the pipe. As 
for higher input oil volume fraction i.e., 0.8 OVF, Figure 5.16 and 5.17 show the 
effect of pipe inclination angles on the phase layer evolution of an oil continuous 
flow system downstream mixture velocity of 0.20 and 0.30 m/s respectively. In 
general, the patterns of phase layer evolution of water continuous flow are the same 
as for oil continuous flow system. As seen in Figure 5.16, the different is the 
interfacial level of the phase layer, due to the input oil volume fraction. Besides, at 
lower downstream mixture velocity, i.e., 0.20 m/s, the dispersed flow evolved to 
semi-stratified flow at all of pipe inclinations. The semi-stratified flow pattern 
initially occurs at 10D downstream the expansion, earlier than that of phase layer 
evolution downstream of the pipe expansion for 0.2 OVF at the same Usme (0.20 
m/s). Moreover, the mixed layer thickness varies; with the mixed layer thickness of 
the horizontal pipe orientation is the slimmest. Interestingly, during the phase layer 
evolution downstream of the singularity, the thickness of the water layer increases as 
the inclined angle increases as were also reported by Yang (2003).  
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Figure 5.16: Effect of the angles inclination on the phase layer evolution downstream 
of the pipe expansion for 0.8 OVF at downstream mixture velocity, Usme = 0.20 m/s. 
 
Effect of angle inclinations for the same input oil volume fraction at downstream 
mixture velocity to 0.30 m/s, least variations of the phase layer evolution could be 
seen as shown in Figure 5.17. There are insignificant changes of the evolution of the 
water phase. All of the water layers are small and their thicknesses are about the 
same height. Contrariwise, the oil layer could be clearly seen in the oil continuous 
flow, which was not observed at water continuous flow. With -6o downward pipe 
orientation giving the thickest oil layer. Remarkably, towards the end of the test 
distance, the height of the oil layer was about the same for all angle inclinations. 
Therefore, it can be conclude that angle of inclinations has minimal effect on the 
phase layer evolution of oil continuous flow at higher downstream mixture velocity.  
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Figure 5.17: Effect of the angles inclination on the phase layer evolution downstream 
of the pipe expansion for 0.8 OVF at downstream mixture velocity, Usme = 0.30 m/s. 
 
In addition, it can be seen that at slower downstream mixture velocity, the thickness 
of the water layer generally increases as the incline angle increases. However, the 
thickness of the kerosene layer is not always decreasing with the inclined angle. The 
thickness of the mixed layer is thinnest at the horizontal orientation. Both upward 
and downward inclinations tend to increase the mixed layer. It can be concluded that 
the dispersed flows can be converted to the segregated flows by an expansion with 
short pipe length, especially at the horizontal flow. 
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CHAPTER 6 
DROP SIZES DOWNSTREAM OF PIPE EXPANSION 
 
 
 
 
In most of industrial processes, knowledge of the nature of multiphase flow is 
important. For example, in chemical, petrochemical and food industries, liquid-liquid 
dispersions appear in processes such as emulsification and two-phase reactions. 
Therefore, knowledge of drop formation and the nature of dispersions mechanisms 
involve in their formation, as well as the size distribution of any particles or liquids 
droplets existent are important. This information is important for analysing the 
hydrodynamic and transport phenomena in the flow of liquid-liquid dispersions and 
also a valuable design parameter in order to design efficient and cost effective 
equipment. Hence, information of the drop size and drop size distribution over the 
cross section of the pipe downstream of an expansion is presented in this chapter. 
 
6.1 Drop size distribution 
Knowledge and evidence of the drop size distribution is necessary when subsequent 
separation of two phases of liquids is considered. Most of the experimental works on 
drop break-up and coalescence has mainly been conducted in stirred tanks. As a 
result, several models for the relationships between drop size, physical properties and 
operating conditions have been proposed for predicting the maximum drop diameter 
and minimum drop diameter during turbulent dispersion flow that can then be 
correlated with drop break-up and drop coalescence. Conversely, due to the nature of 
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the experiments involved, in-situ and on-line (during pipe flow) drop size 
distributions data conducted in pipelines are very much inadequate compared to the 
ones conducted in stirred vessels or tanks. 
 
Number of studies that address the drop size distribution in pipe flow of two 
immiscible fluids is few. Evolution of drops emerging from homogenise system into 
a pipe flow merely exist. The inclination of the piping can also have a significant 
effect on drop size distribution. Up to date, there have only been a small number of 
studies on the effect of expansions and inclinations on the drop size distribution of 
oil-water dispersions. Even though, the effect of inclination on momentum transport 
is readily estimated but the effect of pipe expansion with a small inclination is again 
unknown. In other words, these sections of research area are remains unstudied. 
 
Pipe expansion and inclination have been considered as the imposition on the flow of 
an external field that affects momentum. Total pressure gradient for two-phase flow 
has three components; frictional, acceleration and gravitational pressure gradients. 
For horizontal oil-water flow, acceleration and gravitational components can be 
neglected. For steady flows in inclined pipe the acceleration component can still be 
neglected but the gravitational component becomes very significant. An expansion 
provides an unfavourable pressure gradient in multiphase flow, whereas inclination is 
a skewing of the buoyant body force to the stream wise pressure gradient. Therefore, 
particular attention in this research has been applied to the drop size measurements of 
two immiscible liquids downstream of an expansion in a pipe with small inclination 
angles. The size of the dispersed phase is important when interfacial mass and/or 
heat transfer are involved and will affect phase separation at the end of the process.  
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6.2 Experimental Design  
Here, an experimental study of drops downstream of a pipe expansion using a laser 
backscatter technique is presented. Measurements were taken downstream of the 
expansion both for horizontal and small positive or negative inclinations for a range 
of flow rates.  
 
Measurements of drop size were made using Lasentec equipment (FBRM M500P) at 
the central axis of the pipe and also 17 mm either side (top or bottom) of the central 
axis of the test section. The probe positions in a pipe cross-section were then labelled 
as Top, Middle and Bottom. As for the axial positions, the terms used are defined as 
near, for the distance from expansion of 10D; middle, for the distance from 
expansion of 20D; and far, for the distance from expansion of 34D, where D is the 
internal diameter of the pipe (68 mm) as shown in Figure 6.1.  
 
Figure 6.1: Locations of probe positions downstream of the expansion and in a pipe 
cross-section with height from the bottom of the pipe. 
 
In order to explore the flow pattern from the dispersed to the segregated flow through 
the expansion, the experiments are designed to distribute the inlet conditions in 
dispersed regimes (Dw/o & Do/w, o/w and Do/w&w), and downstream mixtures 
velocities (0.20, 0.30 and 0.35 m/s) in the expansion are in the segregated flow (ST 
and ST&MI). Furthermore, the experiments were executed for input oil volume 
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fractions ranging from 0.2 - 0.8 for horizontal and inclined pipe orientations of -6, -3, 
+3, +6 degrees. The positive and negative degrees indicated upward flow and 
downward flow from horizontal, respectively. 
 
By means of the FBRM M500P, a continuous measurement was then logged by a 
computer and allowed the copyrighted software to produce distributions of droplet 
chord as reviewed in Chapter 2. Diagram of the Lasentec FBRM M500P settings are 
as shown in Figure 3.13.  
 
The FBRM control software allows the acquired chord length data to be discretesed 
into a series of user-defined intervals that is 100 linear-channels over the range of 1 
to 1,000 microns. Six consecutive measurements were averaged to produce each 
distribution, which one measurement duration was ten seconds. Furthermore, 
measurements were made after 5 residence times of the system. Both, measurement 
duration and 5 times residence time were to ensure the flow is in stable state and 
sufficiently robust sample numbers for all condition that being investigated. In this 
measurement campaign, FBRM software had been used to record the data before it 
was transferred to Excel data format. These chord data were then converted to 
diameter distribution using PAM2 and used for further statistical data processing. 
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6.3 Results and discussions 
Previous researchers have made several important investigations of the simultaneous 
flow of two immiscible liquids through sudden expansion in a pipe. Thus from their 
preliminary investigations they have established three flow patterns which involved 
in the flow of two immiscible liquids through sudden pipe expansion. These patterns 
were dispersed flow, which appeared at the near position, followed by stratified flow 
with mixing at the interface (ST&MI) at the middle position and stratified flow (ST) 
at the far position (Yang et al., 2003).According to Yang et al. (2003), there are 
clearly three regions of phase profile downstream of a pipe expansion. The regions 
were classified as; oil region, at the top of the pipe cross section; mixed region, in 
between lighter and heavier phase and; water region, at the bottom of the pipe cross 
section (Yang et al., 2003). Yang et al. also reported that the mixed region was 
dominating at the near position and diminished downstream in the pipe length whilst 
the top oil region and bottom water region increased their layer until they achieved 
fully stratified flow. In terms of the microscopic level, the mixed region is actually 
occupied by different sizes of drops. These sizes, in principle, are then determined by 
a balance between the overall rates of drop break-up and coalescence.   
 
As mentioned earlier, phase profiles development downstream of a pipe expansion 
was recorded by Yang et al. /DWHURQEDVHGRQWKHSURILOHVRI<DQJ¶V, Hasan 
(2006) performed experiments on the drops size distribution (chord length).A laser 
backscatter technique was employed to measure the drop size distributions 
downstream of the expansion. The Probability Apportioning Method (version 2) of 
Langston et al. (2001) was used to transform a measured chord length distribution 
into a drop size distribution. However, according to Hasan (2006) the results of the 
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transformation of chord lengths were shown unsatisfactorily. On the other hand, in 
this present work the computational coding for the PAM2 has been updated and 
upgraded as shown in Appendix 2B. This allowed the measured chord length 
distribution to be transformed into a drop size distribution successfully. Since PAM2 
(newer version) methods were found to successfully convert a chord length 
distribution to a drop diameter distribution, the latter were then analysed further to 
obtain Sauter mean diameter (SMD). This SMD of the drop diameter distribution 
were then used in the results, discussion and comparisons between different 
conditions. 
 
6.3.1 SMD of drop size distribution in mixed and interface layer 
With the intention of exploring the flow pattern evolution from the dispersed to the 
segregated flow, factors affecting the flow pattern evolution through the sudden 
expansion as mentioned earlier (Chapter 3) were studied. The flow patterns 
downstream of the system are more concerned in this study due to the purpose of 
stratification of the dispersed flow by using the expansion. 
 
For the better understanding of the stratifications of the dispersed flow based on the 
phase profile observations of Yang et al. (2003), the location at 34D was selected as 
the main position to be measured. According to the flow pattern map of Trallero et 
al. (1997), for the downstream mixture velocity of 0.20 m/s, its predicted flow 
pattern might develop to the stratified flow (ST) or stratified mixed with layer at the 
interface (ST&MI). Hence, SMD of drops diameter for several axial measurement 
point (10D, 20D and 34D) from expansion within the test section at downstream 
mixture velocity, Usme = 0.20 m/s and 0.8 input oil fraction at various probe positions 
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of the pipe cross section were measured and are presented as in Figure 6.2. The probe 
positions were employed at 17, 34 and 51 mm from the bottom of the pipe cross-
section as illustrated in Figure 6.2. In this case, oil is considered as the continuous 
phase while water is the dispersed phase. It can be seen that the SMD was the largest 
for the probe positioned at the bottom (17 mm) of the pipe cross section throughout 
the test section. The reason was that the probe position was at the mixed region but 
very close to the silicone oil region where droplets of water dispersed in the mixed 
layer and continuous oil flow. At this position, the result shows that the drops were 
coalescing together to form large drops, especially at position nearest to the interface 
layer. In that region, the coalescence rate starts to dominate over the breakage rate as 
described theoretically by Shinnar (1961) and Sprow (1967). In contrast, that 
phenomenon does not occur for the probe positioned at the middle (34 mm) and top 
(51 mm), where the SMD were small, less than 100 µm. This could be because of the 
probe was positioned at considerable distance away from the interface layer. Lovick 
and Angeli (2004b) also found a similar trend of chord lengths frequency to the 
present results of this experiment when their probe was positioned far-off the 
interface. 
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Figure 6.2: D32 of water droplets for downstream mixture velocity, Usme = 0.20 m/s, 
within test distance in horizontally pipe orientation at oil volume fraction system, 
OVF = 0.8, at different probe position. 
 
 
Figure 6.3: Interface mapping along the axial length of the pipe. The lower line 
indicates the interface between water and the mixture whilst the upper line shows the 
interface between oil and the mixture at downstream of the horizontal pipe expansion 
at Usme 0.20 m/s, OVF = 0.8. 
 
6.3.2 SMD of drop diameter distribution in horizontal expansion. 
Superficial mixtures velocities at orifice (Usmo) and superficial mixtures velocities 
downstream the expansion (Usme), were plotted on the flow pattern maps of Trallero 
et al (1997) as shown in Figure 6.4. According to this flow pattern maps, all the 
downstream flow patterns in the expansion in the present study, theoretically should 
be in the segregated flow regimes if they were fully horizontal flows.  
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Figure 6.4: Orifice and downstream mixture velocities of flow pattern transition 
through the sudden expansion plotted on the flow pattern maps of Trallero et al. 
(1997). 
 
It is therefore of interest to examine the effect of input oil volume fraction, the 
mixture velocity and the distance from expansion, for horizontally piping 
orientations. Hence, one of the main parts of these studies is to investigate and relate 
the effects of the experimental conditions and axial tabular positions with the drop 
size distribution and the flow development in horizontal pipe. 
 
6.3.2.1 SMD of drops distribution - Effect of the oil volume fraction  
Generally the flow patterns seem to be rapidly stratifying for low downstream 
mixture velocities (Usme). Trallero (1997), affirmed the phenomenon and produce a 
well-known flow pattern maps that been used by many of liquid-liquid multiphase 
researchers (Figure 6.4). 
 
SMD of drop diameter distributions for downstream mixture velocity, Usme 0.20 m/s, 
at several axial positions after expansion within test distance in horizontally pipe 
orientation for probe position 17, 34 and 51 mm from bottom at different oil volume 
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fraction are displayed in Figure 6.5, 6.6 and 6.7 respectively. Blue marker represents 
the water droplets and red marker is for oil droplets unless otherwise stated. It can be 
noticed in Figure 6.5, at 0.8 OVF, the mean drops diameter are the biggest, followed 
by mean drops diameter for 0.6 OVF, 0.4 OVF and finally 0.2 OVF, in descending 
sequent (big to small SMD) for 10D and 20D distance after expansion. This is due to 
the probe position was engaged at 17 mm from bottom of the pipe, at the mixed 
region of 0.8 OVF. However, at 34D after the expansion, for 0.4 and 0.6 OVF, SMD 
for the latter is smaller. This would suggest that the phase inversion point occur at 
this OVF (0.4 - 0.6 OVF). This finding of phase inversion point was also observed 
by Yang (2006). 
 
Figure 6.5: Sauter mean diameter for downstream mixture velocity, Usme 0.20 m/s, 
within test distance in horizontally pipe orientation, probe position 17 mm from 
bottom at different oil volume fraction, OVF. 
 
Figure 6.6 shows the influence of oil volume fraction on the SMD of drop diameter 
for downstream mixture velocity, Usme 0.20 m/s, at several axial positions in 
horizontally pipe orientation for centre probe position (34 mm) at different oil 
volume fraction, OVF. Obviously, it could be seen that the SMD for 0.8 OVF is no 
longer the biggest drops to be detected at this particular vertical position (centre of 
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the pipe). Now, the largest drops were detected at the centre of the pipe cross section, 
where the interfaces of system with 0.4 and 0.6 OVF were the closest to the probe 
positioned. These findings confirmed the assumption made earlier, near to the 
interfaces of the two phases, droplets were larger. Furthermore, at 20D, for oil as a 
continuous phase and water is the dispersed phase (0.6 OVF), SMD of the drops 
decreased. It was suspected that at this position, initial water drops present at 10D 
has coalesced here (20D). As for axial position 34D, further coalescence of the 
remaining water drops that were in the oil regime occurs, due to the narrowing of the 
mixed layer and level of the oil interface is nearer to the probe position. Therefore 
more drops are being formed from the liquid-liquid interface and more drops are 
experiencing coalescence forming large drops. This finding confirmed and in 
agreement with Hasan (2006), which stated at furthest axial position, drops formed at 
the liquids interface, coalesced.  
 
Figure 6.6: Sauter mean diameter for downstream mixture velocity, Usme 0.20 m/s, 
within test distance in horizontally pipe orientation, probe position 34 mm from 
bottom at different oil volume fraction, OVF. 
 
Further move the probe location (top) away from the interface position, the influence 
of oil volume fraction on the SMD of drop diameter for downstream mixture 
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velocity, Usme 0.20 m/s, at several axial positions after expansion in horizontally pipe 
orientation is shown in Figure 6.7. Clearly shown in Figure 6.7, for the entire oil 
volume fraction range, SMD of drops distribution for either oil or water drops were 
small. Consequently, these indicate that drops distribution (SMD) have been 
influenced by positions of the phase layer rather than input oil fractions.   
 
Figure 6.7: Sauter mean diameter for downstream mixture velocity, Usme0.20 m/s, 
within test distance in horizontally pipe orientation, probe position 51 mm from 
bottom at different oil volume fraction, OVF. 
 
6.3.2.2 SMD of drops distribution - Effect of mixture velocity  
Figure 6.8 shows the SMD for 0.2 oil volume fraction system, within the test section 
in horizontally pipe orientation at probe position 51 mm from bottom for different 
downstream mixture velocity. It is clearly shown that for all downstream mixture 
velocities and at near, middle and far axial position within the test section of the 
expansion the droplet sizes are small, ranging from 70 ± 120 µm. However, for the 
lowest downstream mixtures velocity, 0.20 m/s, SMD is slightly larger compared to 
the SMDs of the other Usme. This phenomenon is suspected due to the low mixture 
velocity; therefore drops acceleration is low at the near entry region of the pipe. 
Hence drop coalesced and larger drops were detected at distance 10D.Whereas at 
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higher Usme, deformation and breakup due to the rapid acceleration of drops, bursting 
from the multi-hole orifice resulting smaller drops. This singularity was also 
observed in Hasan (2006) which proclaimed D32 was found to decrease slightly with 
increasing mixture velocity.  
 
Figure 6.8: D32 of oil droplets for 0.2 oil volume fraction system, within test distance 
in horizontally pipe orientation, probe position 51 mm from bottom at different 
downstream mixture velocity, Usme. 
 
The same phenomena could be seen in the 0.4 oil volume fraction system at 10D and 
20D for all the downstream mixture velocities as shown in Figure 6.9. In contrary for 
the same system at 34D and Usme = 0.20 m/s, slightly bigger droplets were detected 
by the laser. At this position and downstream mixture velocity, the drops collisions 
happened more frequent due to the narrowing of the mixed region. Furthermore, 
collisions time was longer due to the low Usme, providing sufficient time for the 
drops to coalesce.  Therefore droplets started to coalesce more and formed bigger 
drops. As for higher mixture velocities, droplet size decreased and is in agreement 
with the model of Sleicher (1962), which proposed at high velocities, droplet size 
decreased. 
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Figure 6.9: D32 of oil droplets for 0.4 oil volume fraction system, within test distance 
in horizontally pipe orientation, probe position 34 mm from bottom at different 
downstream mixture velocity, Usme. 
 
Further increased the oil volume fraction to 0.6, the dispersed phase is now water and 
the oil become continuous phase. Figure 6.10 illustrated the SMD for 0.6 oil volume 
fraction system for various Usme. As demonstrated in that figure, at 10D downstream 
the expansion at Usme 0.30 and 0.35 m/s, the drop size was medium size drops. 
Nevertheless, at Usme 0.20 m/s for the same position downstream the expansion 
(10D) the drop size was slightly larger. While at 20D downstream the pipe 
expansion, water droplet become smaller for Usme0.20 and 0.30 m/s. This was not 
observed for system of 0.4 OVF earlier. In contrary, at Usme 0.35 m/s, the drop sizes 
remain the same throughout the whole test section. Further downstream the test 
section, SMD for Usme 0.20 m/s increased from 70 µm at 20D to about 350 µm at 
34D. This is due to coalescence of the dispersed water drop from the oil layer with 
the drops in the mixed layer due to the narrowing of the mixed region. Stratification 
is predicted to start beyond this position; if longer test section were to be used 
probably this could be confirmed.  
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Figure 6.10: D32 of water droplets for 0.6 oil volume fraction system, within test 
distance in horizontally pipe orientation, probe position 34 mm from bottom at 
different downstream mixture velocity, Usme. 
 
As oil volume fraction was increased further to 0.8, the effect of mixture velocities 
downstream of pipe expansion on the drops size is presented in Figure 6.11. In 
general, the drops size detected by the laser for this particular setting; probe position 
at 17 mm, were bigger. This is due to the probe was near to the interface of the two 
liquids layer.  
 
Figure 6.11: D32 of water droplets for 0.8 oil volume fraction system, within test 
distance in horizontally pipe orientation, probe position 17 mm from bottom at 
different downstream mixture velocity, Usme. 
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Downstream of the pipe expansion 10D, the biggest water drops were detected by the 
laser for Usme 0.20 m/s. For this flow conditions, the interface is a bit chaotic and 
produced bigger droplets near to the interface of these two liquids. Furthermore, the 
probe was slightly above this interface, in the mixed layer where these big droplets 
occurred. However as for higher downstream mixture velocities, coalescence did not 
happened due to time of collision is not enough for the droplets to coalesce. 
Therefore, droplets with medium size were obtained at these velocities. As for 20D 
downstream the pipe expansion, size of the water droplets at Usme 0.20 m/s 
decreased, owing to the stratification process that started to happen which make the 
interface less disturbed. Hence, the bigger water droplets start to merge with the 
water layer and left only medium droplet that burst into the mixed layer and detected 
by the laser. Promoting higher downstream mixture velocity to 0.30 or 0.35 m/s, 
resulted contrary finding with Usme 0.20 m/s. Instead of decreasing in size, it 
increased to some extent. The drop size increased as the chaotic interface of the 
system created by higher mixture velocities causing bigger droplet to be produced 
then burst into the mixed layer and be detected by the laser. Even though Sleicher 
(1962) mentioned about decrease in size at high velocities, Howarth (1964) did also 
mentioned about an increase in velocity causes an increase in coalescence frequency. 
It is suspected that at 0.30 m/s of these particular conditions and axial position, the 
velocity of the mixture is optimal for collision of the droplets to happen. Hence 
increases the coalescence frequency and produced larger droplet. As for axial 
position 34D downstream the pipe expansion, at Usme 0.20 m/s, the drop size is about 
the same as at 20D. For higher Usme i.e. 0.30 m/s, the drops size decreased back to 
medium droplet size as at 10D, because the larger droplet has coalesce at 20D, and 
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this left only the medium size of water droplets bursting into the mixed layer and 
detected by the laser. 
 
6.3.2.3 SMD of drops distribution - Probe position  
Figure 6.12 shows the progress of drops vertically throughout the test section of 0.2 
oil volume fraction system at downstream mixture velocity, Usme = 0.20 m/s for 
horizontal pipe orientation. For 0.2 OVF systems, flowing at lowest Usme, 0.20 m/s, 
the flow pattern is expected to be dispersed at the near axial position (10D) and 
stratified flow towards the far end of the expansion (34D). It was also noticed that 
larger drops is to be exist nearer to the interface (~ 51 m). In general, it could be 
noticed that the SMD of the drop distribution shown in Figure 6.12 agreed with this 
assumption. Larger drops were detected at the top of the pipe (near to the interface).  
 
Figure 6.12: D32 of oil droplets for downstream mixture velocity, Usme = 0.20 m/s, 
within test distance in horizontally pipe orientation at oil volume fraction system, 
OVF = 0.2, at different probe position. 
 
Figure 6.13 also illustrate the drop progress vertically throughout the test section 
with the same flows conditions as Figure 6.12, apart from the oil volume fraction 
was increased to 0.4. It also shows the same findings as 0.2 oil volume fraction, 
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larger drops exist near to the interface. In Figure 6.13, the largest drops detected at 
the middle of the pipe (34 mm from pipe bottom) in agreement with the assumption 
made earlier. Nevertheless, at the far end (34D) of the expansion, stratification of 
droplets started to happen. It could be noticed when large droplet also detected at the 
pipe bottom (17 mm from bottom). Whereas, at the axial position 10D downstream 
of the pipe expansion, drops size are smaller, due to the dispersion flow at this 
points. This phenomenon shows that the finer drops (away from interface) begin to 
coalesce when its flow further downstream the pipe and produce larger drops headed 
for the interface. Furthermore, as the distance from expansion moved to 34D, the 
mixed layer has now becoming narrow to the centre (interface) and more drops begin 
to coalescence to form large drop. 
 
Figure 6.13: D32 of oil droplets for downstream mixture velocity, Usme = 0.20 m/s, 
within test distance in horizontally pipe orientation at oil volume fraction system, 
OVF = 0.4, at different probe position. 
 
However, this phenomenon can be more clearly observed at the 34D distance from 
expansion as presented in Figure 6.14. The drops have larger sizes at the centre than 
at the top and bottom of the pipe cross-section. Larger SMD at the bottom position as 
can be seen in Figure 6.13 diminishes which mean that the settling process is starting 
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in here. Consequently, the positions of probe in a pipe cross-section played an 
important role in determining the drops size especially at the settling region.  
 
Figure 6.14: D32 of water droplets for downstream mixture velocity, Usme = 0.20 m/s, 
within test distance in horizontally pipe orientation at oil volume fraction system, 
OVF = 0.6, at different probe position. 
 
Further increased the oil volume fraction to 0.8, where now water is the dispersed 
phase and oil is continuous phase. It also agrees with the statement, concentration of 
larger droplet is at near to the interface as presented in Figure 6.15. Existence of 
larger droplet could be seen at bottom of the pipe (17 mm).  
 
Nevertheless, due to limitation of the Lasentec, the dispersed phase droplets were 
expected to affect the reflection of the laser beam to some extent. In particular a 
combination of the difference in refractive index and the proportion of light that is 
diffusely reflected (as opposed to specular reflection) from the droplet surface. 
Typically when silicone oil is the dispersed phase, the amount of FBRM laser light 
being reflected is a bit lower than if water is the dispersed phase - because of the 
optical properties. This makes it a bit easier for the FBRM detector to "see" the water 
droplets compared to the silicone. Now, the optics and electronics of FBRM are 
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designed in such a way that some degree of variability in the amount of reflected 
light should not affect the size of the chord length being measured. However in the 
older models of FBRM such as FBRM M500P that degree of variability is quite 
modest - thus it is quite likely droplets detected will yield slightly smaller chord 
lengths in the system of oil dispersed compared to water dispersed.      
 
Figure 6.15: D32 of water droplets for downstream mixture velocity, Usme = 0.20 m/s, 
within test distance in horizontally pipe orientation at oil volume fraction system, 
OVF = 0.8, at different probe position. 
 
6.3.2.4 Development of drops size - Cross-sectional of horizontally pipe     
            expansion 
 
SMD for drops distribution of two immiscible liquids flowing at various downstream 
mixture velocities after pipe expansion in horizontal with effect of vertically cross 
section of the pipe will be presented in this sub-section. Measurement of the drops 
distribution were made at 3 vertically position from pipe bottom, namely bottom (17 
mm), middle (34 mm) and top (51 mm). 
  
In the two-phase flow pattern there is a mixed layer of oil/water flow along the larger 
pipe downstream of the expansion. However, in this case, the centre of mixed region 
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is considered as the centre of the interface (Z), while the distances above and below 
from the centre of interface are measured and identified as a function of distance 
from centre of the interface, |Z|. Figure 6.16 below demonstrated the mean drops 
diameter of oil-water two phase flow in a horizontally pipe orientation, 10D 
downstream the expansion for mixture velocity 0.20 m/s, as a function of distance 
from centre of the interface, |Z|. Overall it is clearly shown that larger drops were 
dispersed nearer to the interface. Nevertheless, there are also smaller drops near to 
the interface, due to the dispersion of droplets in the entry region of the pipe 
(adjacent to sudden expansion).  
 
Figure 6.16: Sauter mean diameter as a function of the distance from |Z| at Usme 0.20 
m/s of horizontal pipe orientation flow, 10D downstream the expansion.  
 
Figure 6.17 revealed the mean drops diameter of oil-water two phase flow in a 
horizontally pipe orientation, 34D downstream the expansion for mixture velocity 
0.20 m/s, as a function of distance from centre of the interface, |Z|. Clearly shown 
drops were large nearer to the interface. Thus, from the present data, it is established 
that drops size decreased when the distance from the interface increased (further 
away). 
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Figure 6.17: Sauter mean diameter as a function of the distance from |Z|  
at Usme 0.20 m/s of horizontal pipe orientation flow, 34D downstream the expansion. 
 
As a result, the succeeding outcomes can be summarised for SMD of drop diameter 
distribution in horizontal expansion: 
1. Drops distributions (SMD) have been influenced by positions of the phase 
layer (interfaces) rather than input oil fractions. 
2. Phase inversion occurs at the range of input oil volume fraction 0.4 - 0.6. 
3. Higher mixture velocities (0.30& 0.35 m/s) have directly impact on D32 along 
the test section (pipe expansion).  
4. D32 are strongly influenced by the probe positions. It was noticed and proven 
that larger drops are to be existing nearer to the interface.  
 
6.3.3 SMD of drop diameter distribution in an upward inclined expansion 
A significant body of work on studies of the two immiscible liquid in pipelines at 
horizontal or vertical pipe orientation has been published. However, for flows of two 
immiscible liquids in pipelines at small inclination angles, little attempt has been 
made to provide sufficient drop size data of such configurations.  
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Dispersion of one phase in the other can occur at the interface in stratified flow and 
is a common phenomenon in several flow patterns. When the flow pattern of two 
immiscible liquids is in a dispersed flow, the drop size and drop size distribution will 
become an important characteristic of the flow. Up to date, there are only a few 
researches on flows pattern for small upward inclinations from horizontal reported in 
journals etc.  
 
As predicted by the model of Taitel and Dukler (1976), pipe inclination will affect 
the interface level between the two phases for the ST regime flow pattern. Generally, 
it indicates that the lighter phase layer at the pipe top flows faster than the heavier 
phase layer that flowing at the bottom of the pipe for upward pipe orientations. 
However, there are others factors that also affect these evolution processes. 
Therefore, in this section, SMD of drop diameter distribution in two-phase oil-water 
flow were measured for an upwardly flow inclined which were at the same 
experiments conditions used in horizontal flow. The angles of an upward inclination 
flow are +3 and +6 degrees respectively. Analysis of results and discussion are 
presented below. 
 
6.3.3.1 SMD of drops distribution - Effect of input oil volume fraction  
In order to investigate the relation of upward pipe orientation and drop diameter 
distributions with effect of oil volume fraction (OVF), a few experimental conditions 
and setting were set up. Result of the experiments were presented and discussed in 
the following sub-paragraph.  
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SMD of drop diameter distributions for downstream mixture velocity, Usme 0.20 m/s, 
at several axial position after expansion in upward pipe orientation (+6o) for probe 
position 17, 34 and 51 mm from bottom at different oil volume fraction are displayed 
in Figure 6.18 - 6.20 respectively. In general, SMD of the drop diameter distributions 
for 0.8 OVF was found to be larger than 0.2 OVF systems for the same probe 
position (17 and 34 mm from pipe bottom) except for top position (51 mm). In 
Figure 6.18, at 0.2 OVF, throughout the test section the oil droplets are very fine 
droplets which concentrating at bottom of the pipe throughout the test section. In 
contrary, at 0.8 OVF, due to the probe position engaged at 17 mm from bottom of the 
pipe, at the mixed region of 0.8 OVF, larger droplets were detected. The highest 
SMD of the distribution for this system is about 350µm at 10D downstream from 
expansion. Towards the end (downstream) of the pipe expansion, SMD of drop 
diameter distribution become smaller, at 20D SMD is about 290µm and at 34D is 
240µm. The reason being is that, the flow entered the pipe expansion as dispersed 
flow and coalescence has already happen by the time the drops reached 10D. 
Moreover, beyond 10D the process of stratification is starting to begin. Therefore at 
10D for probe position 17 mm from bottom, larger droplets were detected by the 
laser. Whereas at 20D and 34D downstream of the expansion, the flow near the 
interface becoming less wavy and stratified, respectively. Hence, fewer bigger water 
droplets were detected in the mixed layer. In other words, settling has happened. 
Therefore, smaller droplets compared to droplets produced at 10D were detected by 
the laser at 20D and 34D.   
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Figure 6.18: Sauter mean diameter for downstream mixture velocity, Usme 0.20 m/s, 
within test distance in upward 6o pipe orientation, probe position 17 mm from bottom 
at different oil volume fraction, OVF. 
 
Figure 6.19 shows the influence of oil volume fraction on the SMD of drop diameter 
for downstream mixture velocity, Usme 0.20 m/s, at several axial positions after 
expansion in +6o upward pipe orientation for probe position 34 mm from bottom at 
different oil volume fraction, OVF. Throughout the test section there are only small 
sizes of oil droplet detected at middle of the pipe cross section for 0.2 OVF systems. 
Interestingly, at 10D from expansion the SMD of the distribution is as small as SMD 
for 0.2 OVF. It is suspected that at 34 mm vertically from pipe bottom, for 10D axial 
distance downstream from expansion, the position of the laser probe are in the 
dispersed flow with the probe position located in the mid position for both systems 
(0.2 and 0.8 OVF). Hence, smaller SMD of water drops was observed at this 
location. Conversely, for 0.8 OVF at probe position 34 mm from bottom of the pipe, 
medium/ large water droplets were detected at 20D and 34D downstream expansion. 
Nevertheless, the SMD of the drops diameter distribution were comparatively 
slightly smaller than SMD at probe position 17 mm from pipe bottom of the same 
flow condition, about 180 and 240µm at 20D and 34D downstream of the pipe 
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expansion respectively. At 20D position, coalescence of smaller droplets started to 
materialize. Further coalescence of the drops take place at the farthest position within 
the test section (34D).  Therefore size of drops increased towards the end of the pipe 
expansion as can be seen in Figure 6.19. 
 
Figure 6.19: Sauter mean diameter for downstream mixture velocity, Usme 0.20 m/s, 
within test distance in upward 6o pipe orientation, probe position 34 mm from bottom 
at different oil volume fraction, OVF. 
 
Figure 6.20 demonstrated the effect of oil volume fraction on SMD for drop diameter 
distributions at top (51 mm from pipe bottom) of the pipe expansion for +6o pipe 
orientation at Usme 0.20 m/s. It is clearly seen that SMD of the distributions were 
small for both volume fraction. The water droplets in the 0.8 OVF systems, 
throughout the test section are very fine droplets. This is due to the interface of the 
two fluids are relatively far down from the detection point. Hence, only small 
droplets were burst to the top of the pipe and be detected by the laser. Contrariwise, 
for 0.2 OVF system, the oil drops detected at 10D were slightly bigger compared to 
oil drops detected at other vertically position (17 and 34 mm) at the same distance 
downstream of the expansion. Further downstream of the expansion, at 20D, SMD of 
the oil drop distributions are the biggest. It is assumed that at 20D, coalescence of the 
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oil drops occurred, larger droplets were formed. As the drops travelled further 
downstream, it merges with the bulk of the oil layer before 34D, encouraging 
stratification. Henceforth, SMD decreased due to the merging of the larger droplets 
and left only the smaller drops to be detected by the laser.   
 
Figure 6.20: Sauter mean diameter for downstream mixture velocity, Usme 0.20 m/s, 
within test distance in upward 6o pipe orientation, probe position 51 mm from bottom 
at different oil volume fraction, OVF. 
 
6.3.3.2 SMD of drops distribution - Effect of mixture velocity 
Figure 6.21 represent the SMD of water droplets in upward +6o pipe orientation with 
effect of downstream mixture velocity. The probe position is positioned close to the 
interface of the liquids i.e. 17 mm from pipe bottom. It can be seen, at 10D axial 
position downstream of the expansion for Usme 0.20 m/s, larger water droplets were 
detected. The highest SMD of the distribution for this system is approximately 350 
µm at 10D downstream from expansion. SMD of the drops decreased as the mixtures 
flows towards to the end of the pipe expansion (further downstream). Furthermore, 
as the Usme increased to 0.30 and 0.35 m/s correspondingly, flows in the system 
becoming more dispersed. As Sleicher (1962) proposed in his model, increased in 
mixture velocity causes decreases in droplets size. Interestingly, in present research, 
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the findings are in good agreement with the model of Sleicher (1962); the higher the 
Usme, the smaller the droplets sizes. In general, the same phenomenon was also 
observed for horizontally pipe orientation. However, SMD of the drops distribution 
for horizontally pipe configuration was larger compared to upward 6o, for all of the 
axial position downstream the expansion as shown later on in Figure 6.53. 
 
Figure 6.21: D32 of water droplets for 0.8 oil volume fraction system, within test 
distance in upward 6o pipe orientation, probe position 17 mm from bottom at 
different downstream mixture velocity, Usme. 
 
As the probe position moved up to the centre cross section of the pipe expansion, the 
effect of Usme on the SMD of the drops distribution is shown in Figure 6.22. At the 
near (10D) measurement position, at Usme 0.20 m/s, the drops started small (fine 
droplets) as the probe was in the mixed layer but closer to the continuous phase (oil 
layer) and away from the interface. However, at the same axial position, for Usme0.30 
and 0.35 m/s, medium size droplets were detected at 34 mm from pipe bottom. The 
same SMD was also observed at 10D for measurement position 17 mm of the pipe 
cross section (Figure 6.21). This indicates that in oil continuous flow, higher Usme 
causes the water droplets to be dispersed at the near position (10D) for Usme 0.30 m/s 
and throughout the entire pipe expansion section for Usme 0.35 m/s. Further 
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downstream of the expansion (20D) at Usme 0.20 m/s, water droplets start to gained 
size through coalescences of the smaller droplets. Hence, at the far position, 34D, the 
drops distribution giving the largest SMD of all axial position as presented in Figure 
6.22.  
 
Figure 6.22: D32 of water droplets for 0.8 oil volume fraction system, within test 
distance in upward 6o pipe orientation, probe position 34 mm from bottom at 
different downstream mixture velocity, Usme. 
 
Interestingly, at Usme 0.30 m/s, SMD of the drops distribution decreased gradually as 
the measurement position moved axially toward downstream from the expansion. 
This was found to be opposing to SMD for Usme 0.20 m/s for the same experimental 
conditions. Reason being is that at centre cross section of the expansion, at 0.30 m/s, 
water droplets started to coalesce in between 10D and 20D downstream of the 
expansion. Consequently, leaving the medium size droplet flowing in the detection 
region and be detected by the FBRM. Further coalescence of the medium size 
droplets continue to take place at 34D, leaving only the smaller droplet flows in the 
region of detection point (probe position). Nevertheless, at the highest Usme, 0.35 
m/s, the SMD of the drops distribution remains the same (size) at all point of the pipe 
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cross section throughout the test section (pipe expansion), indicated that water 
droplets were fully dispersed along the expansion. 
 
Figure 6.23 denoted the SMD of water droplets in upward +3o pipe orientation with 
effect of downstream mixture velocity, Usme. Oil volume fraction for the system is 
0.8 with the probe positioned 17 mm from the pipe bottom. As the probe was close to 
the interface, the drops were found to be as large as for the other pipe orientations i.e. 
horizontal and +6o upward inclination, for Usme 0.20 m/s. Furthermore, at higher 
Usme, the drops size decreased, with Usme = 0.35 m/s giving the smallest SMD of drop 
distribution. Interestingly, for such flow system (oil continuous flow), the drops size 
were about the same size throughout the test section. Additionally, the drops size 
were nearly the same for all pipe orientation; horizontal, +6o and +3o. This points out 
that the drops sizes were measured in the mixed layer of the flow system. 
 
Figure 6.24 shows the influence of downstream mixture velocity (Usme) on drop size 
distribution for oil continuous flow system (0.8 OVF) at several axial position 
downstream expansion and probe position at centre of the pipe cross section (34 mm) 
in +3o upward pipe orientation.  The highest SMD of the drops distribution were 
found to be at the near (10D) position of detection for Usme 0.20 m/s. For the same 
mixture velocity, it can be seen that SMD of the drops decreased as the mixtures 
flows towards to the end of the pipe expansion (further downstream). 
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Figure 6.23: D32 of water droplets for 0.8 oil volume fraction system, within test 
distance in upward 3o pipe orientation, probe position 17 mm from bottom at 
different downstream mixture velocity, Usme. 
 
It is observed that at 34D downstream of the expansion, the flow was ST&MI and 
the probe was in the oil layer. Hence, only smaller droplets or less large water 
droplets were detected by the probe at this position as presented in Figure 6.24.   
 
Figure 6.24: D32 of water droplets for 0.8 oil volume fraction system, within test 
distance in upward 3o pipe orientation, probe position 34 mm from bottom at 
different downstream mixture velocity, Usme. 
 
Increased the Usme to 0.30 and 0.35 m/s correspondingly, flows in the system 
becoming more dispersed, particularly at the near (10D) position downstream the 
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expansion. Therefore, water layer become fully dispersed and water droplets were 
detected at all point in the cross section of the pipe at this position. Most importantly 
this findings are in good agreement with what Sleicher (1962) proposed in his model, 
increased in mixture velocity causes decreases in droplets size.  
 
6.3.3.3 SMD of drops distribution - Probe position  
Figures 6.25 - 6.27 show results of SMD for drops distribution at various probe 
positions in a pipe cross-section, downstream of the +6o upward inclination 
expansion. The evolution of drops size distribution for 0.2 OVF in +6o upward pipe 
orientation at Usme 0.20 m/s is shown in Figure 6.25. The results show that when the 
probe was positioned at the top (51 mm) of the pipe cross section, the mean diameter 
of the droplets are larger than the other two, bottom (17 mm) and middle (34 mm) 
position. The same phenomenon occurs at 20D from expansion; however the SMD of 
the drop distribution increased further to nearly twice as at 10D. This indicates that 
the dispersed finer drops has started to coalesced, hence bigger droplets were 
detected by the probe at this location (top of the pipe cross section). As the droplets 
travelled further downstream the expansion, at 34D after expansion, the flow pattern 
was observed to be as semi-stratified with the centre of the interface is at about 0.65 
of the expansion height. Therefore, the probe was neither in oil layer nor water layer, 
detecting only smaller droplets, producing smaller SMD as shown in Figure 6.25.      
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Figure 6.25: D32 of oil droplets for downstream mixture velocity, Usme = 0.20 m/s, 
within test distance in upward 6o pipe orientation at oil volume fraction system, OVF 
= 0.2, at different probe position. 
 
Figure 4.26 illustrated the evolution of drops size distribution for 0.8 OVF in +6o 
upward pipe orientation at Usme 0.20 m/s. At distance 10D downstream expansion 
when the probe was positioned at the bottom (17 mm) of the pipe cross section, the 
mean diameter of the droplets are larger than the other two, middle (34 mm) and top 
(51 mm) position. This is due to the probe was positioned near the interface and 
larger droplets is to be exist near the interface. Further downstream the expansion, at 
20D, the same singularity occurs; the droplets were larger at the bottom of the pipe, 
medium size at the centre (34 mm) of the expansion cross section and smallest at top 
of the expansion. For bottom and centre probe position, the probe was in the mixed 
layer and oil layer, respectively. However it can be noticed that at 20D, the SMD of 
the drop distribution at centre of the cross section has increased. This indicates that 
the dispersed finer drops (at 10D) have started to coalesced, hence an increase of 
drops sizes were detected by the probe at this location (34 mm). As further 
downstream the expansion, at 34D after expansion, both positions (bottom and 
centre) showed the drops have the same size which indicated that these drops are in 
Chapter 6: Drop sizes downstream of pipe expansion 
172 
 
the mixed layer. Therefore, the height of the mixed layer has increased toward the 
downstream of the expansion. 
 
Figure 6.26: D32 of water droplets for downstream mixture velocity, Usme = 0.20 m/s, 
within test distance in upward 6o pipe orientation at oil volume fraction system, OVF 
= 0.8, at different probe position. 
 
Figures 6.27 show the results of SMD for drops distribution in a pipe cross-section, 
downstream of the +6o upward inclination expansion for higher Usme (0.35 m/s). As 
the oil volume fraction is 0.8, the continuous flow is oil and dispersed flow is water. 
The results show that at 10D downstream the expansion, the mean diameter of the 
water droplets is the same at any point in the pipe cross-sectional area. This indicates 
that at 10D the two liquids are nearly homogeneous flow. At this point, the dispersed 
flows are well mixed, so that the oil and water velocities are similar. The same mean 
diameters were also detected, further downstream at 20D and 34D of the expansion 
for bottom and centre of the expansion cross section. In contrary, mean diameter at 
the pipe top (51 mm from bottom) decreased, due to the droplet (at 10D) has settle 
due to gravity forces. However as for bottom and centre of the pipe cross section, the 
mixed layer hardly decays. Owing to higher Usme, the turbulence intensity also 
increase, hence coalescence of the droplets in the dispersion were delayed.  
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Figure 6.27: D32 of water droplets for downstream mixture velocity, Usme = 0.35 m/s, 
within test distance in upward 6o pipe orientation at oil volume fraction system, OVF 
= 0.8, at different probe position. 
 
In the studies of the development of drops size in the entire pipe cross-sectional area 
downstream of an expansion, measurement of drops size distribution were made at 
the same conditions as in the previous measurement except that now the inclined 
angle are +3o upward. Figure 6.28 - 6.29 show results of SMD for drops distribution 
at various probe positions in a pipe cross-section, downstream of the +3o upward 
inclination expansion. The evolution of drops size distribution for 0.8 OVF in +3o 
upward pipe orientation at Usme 0.20 m/s is shown in Figure 6.28. The results 
demonstrate that at 10D, largest droplets were detected when the probe was 
positioned at centre (34 mm) of the pipe cross section followed by medium size at 
pipe bottom and the smallest at 51 mm (pipe top). The reason is because at this 
position the mixed layer was slightly below to centre of the pipe cross section, even 
though the oil volume fraction is 0.8. As observed by Hasan (2006), drops size tend 
to increase above and below the centre of the mixed layer. At the middle of the pipe 
expansion (axially), the mixed layer become narrow and the level of the water/mixed 
layer interface increased. This indicates that coalescence and settling at the centre 
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and bottom of the expansion has started. Therefore, at 20D downstream expansion 
water droplets detected at centre of the pipe cross section decreased and at 17 mm 
from pipe bottom increased. Drops size at the pipe top remains the same (~ 60 
micron), as at this position the probe are in the oil layer and further away from the 
water/mixed layer interface. Therefore, less water droplets or only smaller droplets 
were detected by the probe at this location. Meanwhile, as the droplets travelled 
further downstream the expansion, at 34D after expansion, the mixed layer become 
narrower and water/mixed layer interface are semi-stratified. As can be seen in 
Figure 6.30, mean diameter of the drops distribution at 34 mm has decreased. 
Indicating that stratification nearly completed with the interface is at about 0.3 of the 
expansion height.  
 
Figure 6.28: D32 of water droplets for downstream mixture velocity, Usme = 0.20 m/s, 
within test distance in upward 3o pipe orientation at oil volume fraction system, OVF 
= 0.8, at different probe position. 
 
Figures 6.29 show the results of SMD for drops distribution in a pipe cross-section, 
downstream of the +3o upward inclination expansion for higher Usme (0.35 m/s). As 
the oil volume fraction is 0.8, the continuous flow is oil and dispersed flow is water. 
The results show that at 10D downstream the expansion, the mean diameter of the 
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water droplets is the same at any point in the pipe cross-sectional area. This indicates 
that at 10D the two liquids are nearly homogeneous flow. At this point, the dispersed 
flows are well mixed, so that the oil and water velocities are similar. In contrary, at 
20D, mean diameter for middle (34 mm) and top (51 mm) decreased steeply and 
remain about the same size throughout the test section (34D). Furthermore, mean 
diameter at the pipe bottom (17 mm from bottom) slightly increase, perhaps due to 
collisions frequency increased. However, there are no further coalescence happened 
at 34D, as for higher Usme, collision time is not sufficient enough for drop-drop 
coalescence to materialise. Owing to higher Usme, the turbulence intensity also 
increase, hence coalescence of the droplets in the dispersion were delayed. Hence, 
the mixed layer hardly decays within the test section. 
 
Figure 6.29: D32 of water droplets for downstream mixture velocity, Usme = 0.35 m/s, 
within test distance in upward 3o pipe orientation at oil volume fraction system, OVF 
= 0.8, at different probe position. 
 
6.3.3.4 Development of drops size - Cross-sectional of the upward pipe    
            expansion  
 
As mentioned earlier in this chapter, in order to studies the development of drops size 
in the entire pipe cross-sectional area downstream of an expansion, measurement of 
drops size distribution were made at several position of the pipe expansion for 
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various downstream mixture velocities. In this sub-section though, the test section 
were set to be upward inclination. 
 
Figure 6.30 below demonstrated the mean drops diameter of oil-water two phase 
flow in +6o upward pipe orientation, 10D downstream the expansion for mixture 
velocity 0.20 m/s, as a function of distance from the interface, |Z|. Clearly shown 
drops were large nearer to the interface at axial position 10D downstream the 
expansion.  
 
Figure 6.30: Sauter means diameter as a function of the distance from |Z| at Usme 0.20 
m/s of +6o upward inclined pipe orientation flow, 10D downstream the expansion. 
 
However, for the mean drops diameter as a function of distance from the interface, 
|Z| at Usme 0.20 m/s of +6o upward inclined pipe orientation at 34D from expansion 
as shown in Figure 4.31, different phenomena arises. The assumption made for 
horizontal flow is no longer valid for +6o upward inclined flow. This is in line for the 
force equilibrium conditions were modifies when the pipe orientation was changed 
from horizontal to +6o upward inclined. The flow gravity force is now divided into 
two components, normal and parallel to the pipe axis. The normal gravity component 
enhances the segregation of the fluids, similar to the horizontal case. However the 
Chapter 6: Drop sizes downstream of pipe expansion 
177 
 
parallel component act in the opposite mean direction, therefore the water flow is 
retarded (waves) and accumulates in the upward flow. As a result larger droplets 
could be seen at distance away from the interface and vice versa as illustrated in 
Figure 6.31 
 
Figure 6.31: Sauter means diameter as a function of the distance from |Z| at Usme 0.20 
m/s of +6o upward inclined pipe orientation flow, 34D downstream the expansion. 
 
Figure 6.32 below demonstrated the mean drops diameter of oil-water two phase 
flow in +3o upward pipe orientation, 10D downstream the expansion for mixture 
velocity 0.20 m/s, as a function of distance from the interface, |Z|. Overall it is clearly 
shown that larger drops were dispersed nearer to the interface. Nevertheless, there 
are also smaller drops near to the interface, due to the dispersion of droplets in the 
entry region of the pipe (adjacent to sudden expansion).  
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Figure 6.32: Sauter mean diameter as a function of the distance from the interface, |Z| 
at Usme 0.20 m/s of +3o upward inclined pipe orientation flow, 10D downstream the 
expansion. 
 
The same occurrences for the mean drops diameter of oil-water two phase flow in 
+3o upward pipe orientation (Figure 6.32), at 34D downstream the expansion for 
mixture velocity 0.20 m/s, as a function of distance from the interface, |Z| as shown 
in Figure 6.33. It shows that larger drops were dispersed nearer to the interface. 
Nevertheless, there are also smaller drops near to the interface, due to the dispersion 
of droplets in the entry region of the pipe (adjacent to sudden expansion). However, 
at 34D, the large droplets were slightly closer to the interface compared to 10D, 
indicates that stratification is begin to take place.  
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Figure 6.33: Sauter means diameter as a function of the distance from |Z| at Usme 0.20 
m/s of +3o upward inclined pipe orientation flow, 34D downstream the expansion. 
 
The following points can be concluded for the D32 in the upward inclination: 
1. Droplets in oil continuous flow, settle down (stratified) slightly quicker than 
droplets in water continuous flow. 
2. In higher input oil volume fractions, waves could be observed especially at 
10D and then become weaker further downstream. 
3. Distance from the interface |Z| increase, mean drops diameter decreased only 
true for upward LQFOLQDWLRQDQJOHo. 
 
6.3.4 SMD  of drop size distribution in a downward inclined flow 
As predicted by the model of Taitel and Dukler (1976), pipe inclination will affect 
the interface level between the two phases for the ST regime flow pattern. Therefore, 
in this section, SMD of drop diameter distribution in two-phase oil-water flow were 
measured for downward flow inclined which were carried out in the same conditions 
as in the previous section but in the opposite direction.  The angles of downward 
inclination flow are -3 and -6 degrees respectively. The effect of downward 
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inclination flow on development of drop size distributions is again investigated and 
demonstrated.  
 
6.3.4.1 SMD of drops distribution - Effect of input oil volume fraction  
Earlier in this chapter, the relation of upward pipe (expansion) orientation and drop 
diameter distributions with effect of oil volume fraction (OVF) has been 
investigated. In this subsection, the same parameter was also being investigate, 
however this time the orientation of the pipe expansion was downward angle 
inclination. Result of the experiments were presented and discussed in the following 
sub-paragraph.  
 
Figures 6.34- 6.35 represented the results for SMD of drop diameter distributions for 
downstream mixture velocity, Usme 0.20 m/s, at several axial position after expansion 
in downward pipe orientation (-6o) for probe position 17 and 34 mm from bottom at 
different oil volume fraction, OVF. As presented in Figure 6.34, two significant that 
are clearly showed by the figure; (a) oil droplets started small (D32= 50 µm) at 10D 
and 20D indicating that it is still in dispersed regime, thereafter, the droplets gained 
size (coalescence) when flowing further downstream to D32= 300 µm at 34D .(b) 
water droplets started big (D32 = 200 µm) at 10D, drop size decreased at 20D due to 
coalescence of the bigger droplet leaving the medium drops (D32=116 µm) dispersed 
in the detection region and further towards the end of the test section, coalescence 
and stratification of droplets occurs here at 34D, D32 decreased to 80µm. 
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Figure 6.34: Sauter mean diameter for downstream mixture velocity, Usme 0.20 m/s, 
within test distance in downward 6o pipe orientation, probe position 17 mm from 
bottom at different oil volume fraction, OVF. 
 
Figure 6.35 demonstrated the results for probe position 34 mm from bottom at 
different oil volume fraction, throughout the test section the droplets size are 
considered small whether it is oil or water droplets. Nonetheless, at 10D downstream 
the expansion, the droplets; oil and water drops were about the same size, and they 
starts to gain size further downstream, at 20D from expansion, giving slightly larger 
drops. Again the drops size for both oil and water drops were about the same size 
(around 110 µm). Further downstream, at 34D, oil drops size decreased to 100 µm, 
however it is not significant as the different is very little. Contrariwise, the decreased 
of the SMD of water drop at 34D downstream of the pipe expansion were large, 
water drops size decreased to 50µm. The reason being is that, when larger drops 
produced at 20D travelled further downstream, coalesced. Hence, leaving smaller 
droplets compared to droplets produced at 20D, dispersed in the mixed layer and 
detected by the laser at 34D.  
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Figure 6.35: Sauter mean diameter for downstream mixture velocity, Usme 0.20 m/s, 
within test distance in downward 6o pipe orientation, probe position 34 mm from 
bottom at different oil volume fraction, OVF. 
 
As for -3o downward pipe orientation, Figure 6.36 - 6.37 respectively representing 
the results for SMD of drop diameter distributions for downstream mixture velocity, 
Usme 0.20 m/s, at probe position 17 and 34 mm from bottom for different oil volume 
fraction. Figure 6.36 and 6.38 show the same pattern, especially for water drops of 
the drops evolution throughout the test section, water droplets started big (D32 = 300 
µm) at 10D, drop size decreased sharply at 20D due to stratification and coalescence 
of the bigger droplet leaving only the drops of mean size around 70 µm dispersed in 
the detection region. Further towards the end of the test section, at 34D, D32 remain 
the same as at 20D. 
 
Interestingly, the same occurrences as Figure 6.34 and 6.36 could be seen for mean 
diameter at Usme 0.20 m/s, in downward 3o pipe orientation for probe position 34 mm 
from bottom as shown in Figure 6.37. However the D32 decreased gradually rather 
than sharply decreased for D32 measured at bottom of the pipe cross section (17 mm). 
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Figure 6.36: Sauter mean diameter for downstream mixture velocity, Usme 0.20 m/s, 
within test distance in downward 3o pipe orientation, probe position 17 mm from 
bottom at different oil volume fraction, OVF. 
 
 
Figure 6.37: Sauter mean diameter for downstream mixture velocity, Usme 0.20 m/s, 
within test distance in downward 3o pipe orientation, probe position 34 mm from 
bottom at different oil volume fraction, OVF. 
 
6.3.4.2 SMD of drops distribution - Effect of mixture velocity 
The effect of mixture velocity on the drops mean diameter downstream of the 
expansion at constant input oil volume fraction either 0.2 or 0.8 for a downward 
inclination flow is shown in Figure 6.38 - 6.43.   
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Figure 6.38 shows the mean drops diameter at bottom of the pipe cross section for     
-6o downward pipe inclination at 0.2 input oil volume fraction for various Usme. 
When an increase in mixture velocity at constant input oil volume fraction while 
probe was moved along the expansion, for position 10D and 20D the mean drops 
diameter changes are insignificant. Even though the mixture velocity increases, the 
mean drops diameter for downward flow, at near and middle positions were not 
affected. At the far position, however, the D32 are influenced by mixture velocity. 
This suggests that the level of the interface in the downward flow is narrowing with 
the layer of oil moved further down. Therefore larger drops accumulate at the bottom 
of the pipe cross section at 34D downstream of the expansion for Usme 0.20 m/s for 
this input oil volume fraction.  
 
Figure 6.38: D32 of oil droplets for 0.2 oil volume fraction system, within test 
distance in downward 6o pipe orientation, probe position 17 mm from bottom at 
different downstream mixture velocity, Usme. 
 
Figure 6.39 shows the mean drops diameter at bottom of the pipe cross section for     
-6o downward pipe inclination at 0.8 input oil volume fraction for various Usme. At 
10D the mean drops diameter were about the same for all Usme due to probe in the 
downward flow is situated in the dispersed region. Further downstream at lower 
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downstream mixtures velocity, D32 measured gradually becomes smaller, owing to 
the coalescence has occurred, leaving medium drops dispersed in the detection 
region. Followed by semi-stratification of water droplets at 34D, where only small 
water drops left in the mixed layer. At 20D downstream the expansion, for 0.30 and 
0.35 m/s, seems like coalescence beginning to happen. This could be noticed as the 
mean drops size start to become slightly larger than that of 10D.Nevertheless, at 
higher Usme, coalescence was minimal due to the collisions time were not sufficient 
enough, even though it is expected that more droplets are created as the mixture 
velocity increases. Interestingly, at 34D, D32 turn out to be smaller, in fact smaller 
than the initial drops size (10D). Beyond this distance from expansion further 
coalescence of the medium size drops is predicted to take place, if looking and based 
on the progress of the drops size. However how much further downstream, that is 
something needs to be determined further by future researcher. 
 
Figure 6.39: D32 of water droplets for 0.8 oil volume fraction system, within test 
distance in downward 6o pipe orientation, probe position 17 mm from bottom at 
different downstream mixture velocity, Usme. 
 
Figure 6.40 shows the mean drops diameter at the centre of the pipe cross section for 
the same experimental conditions as demonstrated in Figure 6.39.The mean drops 
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diameters for higher Usme were about the same as for D32 at the bottom of the pipe 
cross section (Figure 6.41). However atUsme0.20 m/s due to the low mixture velocity, 
large drops was not dispersed up to centre of the pipe cross-section. Furthermore, 
throughout the test section water drops were small at lower mixture velocity as for 
the aforesaid reason.  
 
Figure 6.40: D32 of water droplets for 0.8 oil volume fraction system, within test 
distance in downward 6o pipe orientation, probe position 34 mm from bottom at 
different downstream mixture velocity, Usme. 
 
The most interesting occurrences are that in Figure 6.39, 6.40 and 6.41 showing the 
same pattern of the Sauter mean diameter progression within the test section. Figure 
6.39, D32 for 0.20 m/s gradually decrease further away from the expansion. The same 
pattern of D32 gradually decreased for system flowing at 0.30 m/s as shown in Figure 
6.40. Finally, the pattern become obvious as D32 also decreased for system flowing at 
0.35 m/s as illustrated in Figure 6.41. These findings indicate and proved that, at 
higher mixture velocity, the dispersed drops were scattered all over the pipe cross-
section and further distance from the expansion they coalesced, and stratification 
should materialize if longer test section were to be used. Furthermore, the results 
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showed that coalescence process initially occur at the bottom of the pipe cross 
section within the pipe expansion (test section). 
 
Figure 6.41: D32 of water droplets for 0.8 oil volume fraction system, within test 
distance in downward 6o pipe orientation, probe position 51 mm from bottom at 
different downstream mixture velocity, Usme. 
 
6.3.4.3 SMD of drops distribution - Probe position  
Variations of probe positions in a pipe cross-section downstream of the -6o 
downward expansion are presented in Figure 6.42 and 6.45. The results generally 
show that when the probe is positioned at the bottom of the pipe cross-section, the 
mean drops diameters are strongly affected whereas when the probe is positioned at 
the centre and top of the pipe, D32 are less influenced either in oil or water 
continuous downwardly flow. 
 
As for water continuous flow of the -6o downward orientation, this phenomenon 
suggesting that the drops at the bottom position are experiencing a more rapid 
coalescence process to form larger drops compared to those at the top position, in 
particular at the furthest distance from the expansion (Figure 6.42).  
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Figure 6.42: D32 of oil droplets for downstream mixture velocity, Usme = 0.20 m/s, 
within test distance in downward 6o pipe orientation at oil volume fraction system, 
OVF = 0.2, at different probe position. 
 
Inversely, for oil continuous downwardly flow of the same pipe orientation, drops at 
the bottom position are experiencing a steadily stratification process, initially started 
at bottom position at 10D downstream pipe expansion. Hence, beyond this distance 
(10D), smaller droplets were measured, producing smaller D32 as shown in Figure 
6.43. 
 
Figure 6.43: D32 of water droplets for downstream mixture velocity, Usme = 0.20 m/s, 
within test distance in downward 6o pipe orientation at oil volume fraction system, 
OVF = 0.8, at different probe position. 
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Furthermore, variations of probe positions in a pipe cross-section for the same pipe 
orientations and input oil volume fractions with higher downstream mixture velocity 
(0.35 m/s) are presented in Figure 6.44 and 6.45.  
 
Figure 6.45 shows D32 at various probe position for water continuous flow of the -6o 
downward orientation at Usme 0.35 m/s. The drops at all vertically position in the pipe 
cross section are experiencing hasty break up process due to high mixture velocity, 
therefore, the drops are small at all positions all the way through the test section.  
 
Figure 6.44: D32 of oil droplets for downstream mixture velocity, Usme = 0.35 m/s, 
within test distance in downward 6o pipe orientation at oil volume fraction system, 
OVF = 0.2, at different probe position. 
 
Even though at higher mixture velocity for water continuous flow, the D32 are 
uniformly in size, it is not the case in oil continuous flow. At higher Usme for oil 
continuous downwardly flow of the same pipe orientation; drops at the top position 
are experiencing a rapid coalescence process at 10D downstream pipe expansion. Yet 
due to gravity forces, these large drops migrate to the centre of the pipe cross section, 
hence D32 at 34 mm (centre) engendering medium size of D32 as demonstrated in 
Figure 6.45. Moreover, D32 for higher mixture velocity were found to be slightly 
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bigger than of for 0.20 m/s at all vertically position along the test section. This is 
expected to be the influences of collisions frequency and time as alleged by Howarth 
(1964).  
 
Figure 6.45: D32 of water droplets for downstream mixture velocity, Usme = 0.35 m/s, 
within test distance in downward 6o pipe orientation at oil volume fraction system, 
OVF = 0.8, at different probe position. 
 
Subsequently when the inclination angle were reduced to -3o downward orientation, 
for water continuous flow as presented in Figure 6.46, the same phenomenon as 
Figure 6.43 occurs. However for -3o downwardly flow, due to slower in-situ water 
velocity compared to -6o, at 10D downstream of the expansion, D32 were found to be 
larger at probe position centre of the pipe cross section which was not observed in -6o 
downwardly flow. Suggesting that the drops at the centre position too are 
experiencing coalescence process to form larger drops owing to slower in-situ water 
velocity which allowed sufficient time for oil drops to coalesce.  
 
Chapter 6: Drop sizes downstream of pipe expansion 
191 
 
 
Figure 6.46: D32 of water droplets for downstream mixture velocity, Usme = 0.20 m/s, 
within test distance in downward 3o pipe orientation at oil volume fraction system, 
OVF = 0.8, at different probe position. 
 
Figure 6.47 shows D32 at various probe position for water continuous flow of the -3o 
downward orientation at Usme 0.35 m/s. The mean drops pattern was found to be 
about the same as for -6o downward flow, except that at position 10D of -3o pipe 
orientation, the mean drops size is smaller. This is due to the turbulent forces at a 
lower in-situ water velocity may not be large enough to overcome the frictional drags 
on the drops. Hence, larger drops were less dispersed to the top of the pipe cross 
section, thus producing smaller value of D32 at this position. 
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Figure 6.47: D32 of water droplets for downstream mixture velocity, Usme = 0.35 m/s, 
within test distance in downward 3o pipe orientation at oil volume fraction system, 
OVF = 0.8, at different probe position. 
 
6.3.4.4 Development of drops size - Cross-sectional of downward pipe   
            expansion  
 
Figure 6.48 below demonstrated the mean drops diameter of oil-water two phase 
flow in -6o downward pipe orientation, 10D downstream the expansion for mixture 
velocity 0.20 m/s, as a function of distance from the interface, |Z|. Remarkably, the 
pattern of droplets dispersion is similar to the droplets dispersion at the other pipe 
orientations (Figure 6.16, 6.30 and 6.32); larger drops were dispersed closer to the 
interface. However, the largest mean drops diameter for this condition (-3o 
downward) were slightly smaller compared to the D32 at the other orientations.  
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Figure 6.48: Sauter mean diameter as a function of the distance from |Z| at Usme 0.20 
m/s of -6o downward inclined pipe orientation flow, 10D downstream the expansion. 
 
However, for the mean drops diameter as a function of distance from the interface, 
|Z| at Usme 0.20 m/s of -6odownward inclined pipe orientation at 34D from expansion 
as shown in Figure 6.49, once again different singularities could be observed. Large 
mean drops diameter was found to be further away from the interface, the same 
occurrences was also observed for +6o upward pipe orientation (Figure 6.31). 
Nonetheless, larger mean drops diameter were only observed further from the 
interface for -6o downward inclined pipe orientation at this axial position. This was 
suspected due to the fast flowing water phase (heavier layer) in the downward pipe 
orientation causing droplets to disperse into the mixed layer, away from the interface. 
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Figure 6.49: Sauter mean diameter as a function of the distance from |Z| at Usme 0.20 
m/s of -6o downward inclined pipe orientation flow, 34D downstream the expansion. 
 
For the mean drops diameter downstream of the expansion at a downward pipe 
orientation, the following points can be drawn: 
1. The variation of input oil volume fractions caused dissimilarity of droplet size 
evolution downstream of the expansion. In water continuous flow, drops 
coalesced and evolved as they moved further from the expansion but still 
stratification of droplets were not materialise within the tests section. In 
contrary with oil continuous flow, stratification of droplets started beyond 
10D. 
2. The higher the mixtures velocity, the more the large drops scattered 
(dispersed) occupying the pipe cross section at near position.  
3. Most of the bigger droplets were found at the bottom of the pipe cross-
section; the far location (34D) for water continuous flow, and at the near 
location (10D) for oil continuous flow while smaller droplets appeared at the 
top in all locations downstream of the expansion for low mixture velocity 
(Usme = 0.20 m/s). 
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6.3.5 Comparison between different angles of inclination 
The effect of angles of inclination for 0.20 and 0.35 m/s with 0.2 input oil volume 
fractions downstream of the expansion is shown in Figure 6.50, 6.51 and 6.52. 
Results of the drop size measurements of water continuous flow in a sudden 
expansion at Usme0.20 m/s downward inclination flow show only minimal effect of 
the inclination angle. The noticeable effect of the inclination angle of this flow 
conditions are at axial position 34D for -6o downward inclination flow, where large 
droplet were detected as shown in Figure 6.50.  
 
Figure 6.50: D32 of oil droplets for downstream mixture velocity, Usme = 0.20 m/s, oil 
volume fraction system, OVF = 0.2, at 17 mm probe position from bottom, along test 
section distance for different pipe orientation. 
 
Furthermore, the angle of inclination has negligible effect on drop size distributions 
when the downstream mixture velocity is increased to 0.35 m/s (Figure 6.51 and 
6.52). In this condition, the mixed layer would be responsible for the droplet size for 
horizontal and both inclination of pipe orientation, whether it is upward or 
downward. It should be noted that the mixed layer almost entirely dominated in a 
pipe cross-section even with the probe positioned at the top (Figure 6.52), and this is 
clearly supported by the results of Hasan (2006) and Yang et al. (2003). 
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Figure 6.51: D32 of oil droplets for downstream mixture velocity, Usme = 0.35 m/s, oil 
volume fraction system, OVF = 0.2, at 17 mm probe position from bottom, along test 
section distance for different pipe orientation. 
 
 
Figure 6.52: D32 of oil droplets for downstream mixture velocity, Usme = 0.35 m/s, oil 
volume fraction system, OVF = 0.2, at 51 mm probe position from bottom, along test 
section distance for different pipe orientation. 
 
Increased the oil volume fraction to 0.8 and now the oil is the continuous phase, the 
results of the drop size measurements in a sudden expansion at Usme 0.20 m/s show 
strong effect caused by the inclination of the pipe expansion. In +3o upward 
inclination, drop size started small at the near position (10D); with the distance 
further away from the expansion, the drops coalesced and gained size. However 
stratification of droplets does not occurs within the test section. Whereas, for 
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downward flow, droplets detected were small, indicated that stratification of droplets 
has occurred beyond 10D for downward pipe orientation as shown in Figure 6.53. 
 
Figure 6.53: D32 of water droplets for downstream mixture velocity, Usme = 0.20 m/s, 
oil volume fraction system, OVF = 0.8, at 17 mm probe position from bottom, along 
test section distance for different pipe orientation. 
 
As the downstream mixture velocity is increased to 0.35 m/s, the angle of inclination 
has insignificant effect on drop size distributions. This was demonstrated in the 
Figure 6.54. Similar to the phenomena in water continuous flow (0.2 OVF), the 
mixed layer would be responsible for the droplet size for horizontal and both 
inclination of pipe orientation, whether it is upward or downward. The mixed layer 
dominated almost entirely in the pipe cross-section. 
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Figure 6.54: D32 of water droplets for downstream mixture velocity, Usme = 0.35 m/s, 
oil volume fraction system, OVF = 0.8, at 17 mm probe position from bottom, along 
test section distance for different pipe orientation. 
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CHAPTER 7 
PRELIMINARY INVESTIGATION ON INFLUENCE OF 
SURFACE TENSION ON DROP SIZE 
 
 
 
 
Many researchers have reported experimental works on measurement of average 
droplet size used light transmittance techniques or chemical methods. Size 
distributions were also studied by measurements with photography, encapsulation, 
sedimentation and electro-resistivity measurements. Concurrently, droplet mixing 
measurements were made by various indirect methods such as following a chemical 
reaction or dispersion of a non-transferring dye in the dispersed phase. A number of 
investigators reported experimental data on interfacial areas (Mok and Treybal, 1971; 
Schindler and R. E., 1968; Weinstein and Treybal, 1973) and drop distributions 
(Bouyatiotis and Thornton, 1967) in flow systems.  
 
In certain industrial flows or experimental facility, the presence or usage of 
surfactants is reported. In the process industry, surfactants are added to process 
liquids to prevent unwanted deposits by keeping them finely dispersed. These agents 
influence the interfacial tension interaction in liquid-liquid multiphase system. 
Therefore, as a starting point the droplet generation under controlled conditions and 
the impact of surfactants are investigated.  
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This chapter presents briefly the apparatus, methodology and results of interfacial 
tension experiments of two liquids and liquid-liquid mixing in fully baffle mixing 
vessel. The criteria of experimental design and the principle work of each instrument 
are explained. The experiment procedures for the measurement of interfacial tension, 
drop size and drop size distribution performed on the rig are briefly covered.  
 
7.1 Influence of interfacial tension on drop size 
Interfacial tension plays a greater role in homogenization. In order to investigate the 
impact of interfacial tension on breakage and coalescence behaviour, dynamics of 
droplet clusters needs to be investigated under controlled environment. The 
experiment on effect of interfacial tension on drop size and drop size distribution in a 
static flow and dynamic liquid-liquid flow (mixing vessel), two measurement 
methods were used. In static flow, interfacial tensions were measured by mean of 
drop weight method and high speed camera. Whereas in mixing vessel, the laser 
backscattered technique (Lasentec FBRM M500P) was used to determine the drop 
size and drop size distribution of the system. However, to understand what really 
happened to the droplet clusters in homogenisation and coalescence process, 
measurement for a single droplet under controlled environment must first be studied.  
 
7.1.1  Interfacial tension ± static flow 
One of most frequently used method to measure interfacial tension involves the 
formation of a drop of one liquid in the bulk of the other. Either the drop is allowed 
to fall when fully grown (Harkins and Humphery, 1916) or the contours of the partly 
grown pendent drop are measured (Andreas et al., 1938).In static flow, interfacial 
tensions were measured by mean of drop weight method and high speed camera. The 
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criteria of experimental design and the principle work of each instrument are 
explained. 
 
7.1.1.1 Drop weight method 
The drop-weight method is a known method for measuring surface tension and is one 
of the simplest and reasonably acceptable methods which have been used for 
interfacial tension. Interfacial tension was measured by mean of drop weight method 
as proposed in the Practical Physical Chemistry (James, 1967) as shown in Appendix 
7A. Interfacial tension measurement of water-kerosene oil with surfactant added was 
performed. The accuracy of a drop-weight method is improved by increasing the 
number of drops.  
 
The methods depend on the equilibrium of the two forces; the weight of a drop of 
liquid (m) just about to fall from a vertical tube with an external radius, r and the 
force due to thHVXUIDFHRU LQWHUIDFLDO WHQVLRQȖDFWLQJDURXQGWKHSHULSKHU\RI WKH
needle holding the drop. The weight of a drop that falls should be given by: 
           PJ ʌUȖ               7.1 
In actual fact, only a portion of the drop falls; Harkins and Brown proposed that the 
drop of weight (mgJLYHQE\WKHHTXDWLRQEHFDOOHGWKHµLGHDOGURS¶7KHIUDFWLRQ
of the ideal drop which falls was determined by these workers in an extensive series 
of experiments. The form of the maximum stable hanging drop is a function of r/v1/3, 
where r is the outer radius of the tube and v the volume of the drop (determined from 
the mass of the drop and the density of the liquid). This determines the fraction 
f(r/v1/3) of the drop which falls. The actual weight of the drop which falls is thus: 
          PJ ʌUȖIUY1/3)                 7.2 
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Hence           Ȗ PJ^ʌUIUY1/3)} 
             = (F.m.g)/r               7.3 
Thus, to determine the surface tension of a liquid it is only necessary to determine 
the mass of 1 drop of the liquid, calculate its volume v from a rough density 
determination, multiply this by 1/r3, look up the value of F (Figure 7.1) and finally 
multiply by mg/r. The density of the liquid is involved only in determining the value 
of the correction which is not sensitive to density differences. 
 
As for measuring interfacial tension of two immiscible liquids, the mass (m) in the 
HTXDWLRQLVUHSODFHGE\ȣȡ1 ± ȡ2ZKHUHȣLVWKHUHFRUGHGYROXPHDQGȡ1 DQGȡ2 
the densities of water and kerosene respectively.  Thus 
                    ı ^)ȣJȡ1 ± ȡ2)}/r              7.4 
7KH$QWRQRII¶V UXOHZDVXVHG WRJHWDQDSSUR[LPDWLRQ YDOXHV IRUZDWHU ± kerosene 
LQWHUIDFLDO WHQVLRQ $QWRQRII¶V UXOH VD\V WKDW WKH LQWHUIDFLDO WHQVLRQ EHWZHHQ WZR
liquids is approximately equal to the difference between the surface tensions of the 
two liquids: 
      ı
 
§Ȗ1 ±Ȗ2               7.5 
7KHH[SHULPHQWDO UHVXOWV PD\ WKHQ EHFRPSDUHGZLWK$QWRQRII¶V UXOH WRPDNHVXUH
the result obtained is reasonable and acceptable.  
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Figure 7.1: Correction factors (F) for the drop weight method (Harkins and Brown,   
                  1919) 
 
7.1.1.2 High speed camera (CCD) 
Droplets of water/kerosene were generated using a nozzle fitted in cylindrical 
Perspex column. Experiments for water droplet in kerosene oil system and droplets 
of kerosene oil in water system were conducted. In both conditions, a known amount 
of surfactant has been added to water allowing a decrease in the interfacial tension 
without modifying the viscosity and the density of the liquid phases. Measurement of 
single droplet diameter for both conditions were investigated using high speed CCD 
camera and high speed digital imaging software. A maximum recording time of 7 sec 
could be stored for each acquisition, which is well above the maximum residence 
time of the drops inside the measurement zone. The camera shutter exposure time 
was set to 1/250 s in order to reduce image fuzziness due to drop displacement to 
acceptable level. The camera is focused on the central plane of the pipe (cylindrical 
Perspex), allowing a reasonable depth of focus. Repeatability of the measurement 
was determined.   
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Droplet images data were taken using the high speed CCD camera for sets of 
mixtures conditions. Droplet images from the high speed CCD camera were analysed 
using high speed digital imaging software (PFV Ver. 318). Then digitize using the 
software to get the diameter of the drops.  
 
7.1.1.3  Interfacial tension results - Static flow results 
Drop weight results: 
The mean value of interfacial tension obtained from the experiments is 0.0437 N/m. 
In literature we found the value of 0.0728 N/m for water surface tension and 0.024 
1P IRU NHURVHQH VXUIDFH WHQVLRQ 8VLQJ WKHVH YDOXHV WKH $QWRQRII¶V UXOH SUHGLFWV
that the water-kerosene interfacial tension has to be 0.0488 N/m which is 10.4% 
greater than measured interfacial tension value. The result of the mean value for the 
measured interfacial tension is shown in Figure 7.2.   
 
Figure 7.2: Effect of surfactant on interfacial tension. 
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High speed camera results: 
Figure 7.3 shows the IFT for different surfactant CMC obtained from drop weight 
method. In correspondence to the result shown in Figure 7.3, series of droplet image 
with effect of the same surfactant CMC concentration used is shown in Figure 7.4. It 
clearly shows that, for different surfactant concentration, diameter of drops at the 
same position taken (height) varies.  
 
Figure 7.3: Interfacial tension for different surfactant CMC. 
 
 
Figure 7.4: Effect of surfactant CMC concentration on droplet size 
 
 
7.1.2  Interfacial tension ± mixing flow 
An experimental liquid-liquid dispersions facility has been constructed and 
measurements of mean drop and drop size distribution using Laser focused beam 
reflectance measurement technique are reported. Lasentec M500P FBRM 
manufactured by Mettler-Toledo Ltd has been employed on a vessel 125 mm 
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diameter. An experimental investigation has been carried out to characterise the 
influences of impurities on the drop size distributions of liquid±liquid dispersion in a 
stirred vessel. Water/kerosene oil system in the 125 mm vessel was agitated using 38 
mm diameter radial impeller (6 paddles). Each experiment was performed by pouring 
the kerosene oil and water into the mixing vessel, let it settle and then agitation was 
commenced. Dispersion was produced in the mixing vessel. Drop size measurements 
were taken when the process reached steady-state conditions.  
 
7.1.2.1  Experimental conditions 
In order to study the effect of the surfactant presence on drop size distributions, 
series of experiments were performed. At the first series, the drop size distributions 
were investigated for pure system, IFT 44 mN/m (kerosene/water) at various oil 
volume fractions (0.8, 0.6, 0.5, 0.4 and 0.15) with different impeller Reynolds 
number, NRe 10000 and 15000 respectively. At the second series, drop size 
distributions have been investigated at the same oil volume fractions and impeller 
Reynolds numbers as the first series. However, this time with addition of surfactant 
at different concentrations, ranges from 0.005% - 0.5 % SDScmc. With these additions 
of surfactant concentrations, interfacial tensions of the system ranges are 37- 6mN/m 
(kerosene/water).  
 
In all of the experiments, the probe was placed at the liquids interface and the system 
was then agitated for 5 minutes using radial 6 paddle impeller (RP 6) for NRe 10000 
and 15000 respectively before commence measurements. This procedure is 
performed to make sure that the system break up and coalescence is well balance as 
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shown in Figure 7.5. All experiments were performed three times to test 
reproducibility and repeatability of experiments.   
 
Figure 7.5: The effect of mixing time for 0.5 OVF at NRe=10000. 
 
7.1.2.2  Interfacial tension results - Mixing flow results 
Effect of surfactant (SDS) concentration on drop size distribution: 
Figures 7.6 to 7.10 show the effect of interfacial tension (IFT) on the drop size 
distribution for oil volume fractions (OVF = 0.8, 0.6, 0.5, 0.4 and 0.15) at Reynolds 
number (NRe) 10000. Interfacial tension varies from 44mN/m to 6mN/m 
corresponding to the concentrations used.  
 
Figure 7.6, shows the drop size distribution for 0.8 OVF. Water is dispersed in 
kerosene (continuous phase). Drop size distribution for the highest IFT (44mN/m) 
shows the presence of larger water droplets dispersed in kerosene compared to the 
two systems with IFT 36 and 6mN/m. The same trend has been reported by  
Khapkay et al (2009). They stated that by decreasing the IFT of the system, the 
drop size will decreased. Hence the frequency of the smaller drops increase. 
However, it is noticed that for system with IFT 17 mN/m, this is not the case. 
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Larger water droplets were present in this system. It is suspected that at IFT 
17mN/m, due to the impurities (surfactant) affect the water phase, caused reduction 
of systems IFT i.e. energy per unit surface area. Resulting the droplets to move 
more freely, hence less restriction for the water droplets to have a collision. Thus 
increased the probability of having drops-drops coalescence (dominant). Hence, 
larger drops were formed.  
 
Figure 7.6: The effect of IFT on drop size distribution for 0.8 OVF at NRe=10000. 
 
Decreasing oil volume fraction to 0.6 and 0.5, due to the phase inversion, 
frequency of the water droplets collisions increased and drop-drop breakage is 
dominant. This is due to at these volume fractions no clear continuous phase can be 
determined. This ambiguity may lead to a finer mixture of droplets of both phases 
due to the complex interactions between droplets of the same phase as well as 
between droplets of the two phases. Hence larger droplets were break to form 
smaller droplets. This is shown in Figure 7.7 and 7.8. 
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Figure 7.7: The effect of IFT on drop size distribution for 0.6 OVF at NRe= 10000. 
 
 
Figure 7.8: The effect of IFT on drop size distribution for 0.5 OVF at NRe= 10000. 
 
Whereas, Figure 7.9 and 7.10, kerosene is dispersed phase and water is continuous 
phase. In Figure 7.9, for IFT 44mN/m shows kerosene droplet dispersed in water is 
slightly larger compare to the other drop size distribution (IFT 36 and 6mN/m). 
Generally, with decreasing IFT in two phase systems, it is observed that the drop 
size decrease. Therefore, the drop size is expected to decrease with decreasing IFT, 
giving a high frequency of smaller drops.  
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Conversely, this is not the case when oil volume fraction decrease from Ø = 0.4 to 
0.15. Larger kerosene droplets were observed for 0.15 OVF at lower IFTs (see 
Figure 7.10). This is due to collisions of kerosene droplets; drop-drop coalescence 
is dominant. Due to the impurities (surfactant) affect the water phase, caused 
reduction of systems IFT.  
 
Figure 7.9: The effect of IFT on drop size distribution for 0.4 OVF at NRe= 10000. 
 
 
Figure 7.10: The effect of IFT on drop size distribution for 0.15 OVF at NRe= 
10000. 
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Effect of the impeller Reynolds number (impeller speed) on drop size 
distribution: 
 
Drop size distributions were investigated for two different impeller Reynolds 
numbers (NRe ~ 10000 to 15000). Again, the IFT of the water/kerosene system is 
altered to vary between 6 and 44 mN/m. The impeller transfer mechanical energy 
required to create droplHWV,QHVVHQFHWKLVPHDQVWKDWWKHLPSHOOHU³ZRUN´RQWKH
V\VWHP WR LQFUHDVH WKH ³HQHUJ\´ ZKLFK JRHV LQWR WKH LQFUHDVH LQ WKH VXUIDFH DUHD
(the IFT is a measure of energy per unit surface area). Therefore, the impeller 
speed is inversely proportional to the drop size. The higher the impeller speed, the 
smaller will be the drop size.  
 
Figure 7.11 displays the effect of the impeller speed on the drop size distribution of 
water/kerosene system free of surfactants at oil volume fraction, Ø = 0.8. The IFT 
of the system is 44 mN/m. It can be seen that the drop size is larger for the smaller 
Reynolds number (NRe). This finding is in agreement with the statement stated 
earlier. 
 
Figure 7.11: The effect of the impeller Reynolds number (impeller speed) on drop 
size distribution for OVF = 0.8 system with IFT 44 mN/m. 
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When the IFT is reduced by adding the surfactant to the above system, larger 
droplets were observed at NRe  7KLVLVGXHWROHVVµZRUN¶LVQHHGHGIRUWKH
droplets to coalesce. Hence, larger drop sizes were formed as shown in Figure 7.12.  
 
Figure 7.12: The effect of the impeller Reynolds number (impeller speed) on drop 
size distribution for Ø = 0.8 systems with IFT 17 mN/m. 
 
Figure 7.13 displays the effect of the impeller speed on the drop size distribution of 
water/kerosene system at oil volume fraction 0.15, IFT of the system is 44 mN/m. 
It can be seen that the drop size increased when the system has lower Reynolds 
number (NRe). This finding is in agreement with the results for the system of oil 
volume fraction 0.8, showing that an increased in NRe caused a reduction in drops 
size and vice versa. The same trend was also observed in the water/kerosene 
system with added surfactant for the same 0.15 oil volume fraction, IFT of the 
system is 17 mN/m. However, in the latter system condition (added surfactant), 
decrease of NRe caused an increase of droplets coalescence. Due to lowering the 
IFT, the resistance of the drops (dispersed phase) and continuous phase were 
decreased.  Hence, larger drop sizes were formed ( ~70µm) as shown in Figure 
7.14 compared to system with IFT 44 mN/m (Figure 7.13). 
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Figure 7.13: The effect of the impeller Reynolds number (impeller speed) on drop 
size distribution for 0.15 OVF systems with IFT 44 mN/m. 
 
 
Figure 7.14: The effect of the impeller Reynolds number (impeller speed) on drop 
size distribution for 15 OVF systems with IFT 17 mN/m. 
 
However, further decreased the IFT to 6mN/m, impeller speed seems to not have 
significant influence on the drop size distribution for 0.8 oil volume fraction 
system (as shown in Figure 7.15). On the contrary, for 0.15 OVF system with IFT 
6 mN/m, by lowering the impeller Reynolds number, larger drops is detected in the 
system (Figure 7.16). 
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Figure 7.15: The effect of the impeller Reynolds number (impeller speed) on drop 
size distribution for 0.8 OVF systems with IFT 6 mN/m. 
 
 
Figure 7.16: The effect of the impeller Reynolds number (impeller speed) on drop 
size distribution for 0.15 OVF systems with IFT 6 mN/m. 
 
It can be conclude that the presence of SDS and NRe (impeller speed) had a strong 
effect on the interfacial tension and the drop size distribution, especially at low 
concentrations of SDS. For the systems containing surfactant, around and above the 
surfactant CMC region (SDS, mmol/dm3   GURS VL]H GLG QRW GHSHQG RQ WKH
surfactant concentration.  The drops did not coalesce at high surfactant concentration 
and the interfacial tension exhibited a slight variation (Figure 7.3). 
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For the system below of surfactant CMC region (SDS, mmol/dm3 GURSVL]H
depend strongly on the surfactant concentration. In this region, drop size steeply 
reduced with the increased of surfactant concentration. 
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CHAPTER 8 
CONCLUSIONS AND RECOMMENDATIONS 
 
 
 
 
Primary separators perform a vital role in providing the initial separation of 
hydrocarbon production (upstream industry) that consist water, gas, hydrocarbon 
liquids and solids (sands), obtained from oil wells. The solid and water loading add 
to the production cost as they needed to be pump and separated. If removed at an 
early stage, the pumping cost and further downstream cost can be deducted. For this 
purpose, separation of solids and water from the crude coming out from the well is 
an important step in oil and gas industry. Conventionally, a separator such as a vessel 
or cyclone is employed to accomplish this task. However, the production rates 
demands large vessels that lead to high capital cost. At the same time, safety 
measures are extremely restrictive, particularly on offshore platforms. Therefore, 
there has been a considerable industrial motivation to remove this economic and 
safety problem by reducing size and improved the efficiency of the process vessels or 
by introducing alternative method (expansion pipe) for efficient separation of the 
phases. Compared to conventional separators, a pipe expansion can be considered to 
be a continuous, compact, economical and safer phase separator (Yang, 2003).  
 
This demand on continuous separation methods was at the core of the work carried 
out in this research project. Quantitative and qualitative studies of separation of one 
liquid phase from another after an expansion in pipe diameter have been carried out. 
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The findings were presented in detail in preceding chapters of this thesis and also 
summaries of the investigations main findings are presented.  The main conclusions 
are presented below and followed by some future works related and recommended to 
the present study. 
 
8.1 Contributions to knowledge 
The present work is the first that explored the application of capacitance wire mesh 
sensor (CapWMS) in liquid-liquid flow system to define stratification of liquid-
liquid two phase flow through sudden pipe expansion. The results show that it can be 
used to achieve information here to deem not possible. This has lead to the 
reconstruction of cross-sectional plots which provide information on the phase 
distribution at any given point in the pipe. Therefore, a significant amount of data has 
been collected and analysed in attempt to understand the two-phase flow behaviour 
downstream of the expansion. 
 
8.2 Evolution of Interface 
New experimental data of spatial distributions have been generated for a two-phase 
oil-water flow. The capacitance wire mesh sensor used in this study proves to be an 
appropriate tool for an on-line visualisation of spatial distribution in a pipe cross-
section. The data gathered using the WMS show instantaneous information about the 
interface shapes, waves and phase layer evolution of oil-water flow. The WMS 
images demonstrated that the spatial distributions are strongly dependent on the 
mixture velocity, input oil fraction and inclination angles for the far position.  
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In the present study, the location of the two interfaces that form between the 
separated phases and the oil-water mixture were obtained. In water continuous flow, 
convex and concave of oil-mixed layer interfaces were observed for all pipe 
orientation. However, in oil continuous flows, concave interfaces of the oil-mixed 
later were observed only at upward and downward flow at the far position, except for 
high input oil fractions where horizontal plane interface were detected. Meanwhile, 
plane horizontal interfaces were identified for horizontal pipe orientation. 
 
Subsequently, for water-mixed layer interfaces in water continuous flow, convex and 
horizontal interfaces were observed for upward and horizontal pipe orientation whilst 
only convex interfaces at downward orientation.  In oil continuous flows, convex 
interfaces of the water-mixed layer were observed only at upward flow at low input 
oil volume fraction within the oil continuous flow regime (0.4 OVF). Meanwhile, 
plane horizontal interfaces were identified for horizontal and downward pipe 
orientation. 
 
There are no waves at the interface between the water and the mixed layers for oil 
continuous flow at downward flow as they are dissipated due to the thinner water 
layer. As for upward inclined orientation, waves were observed at near axial position 
(10D) for all input oil volume fractions except for 0.2 OVF. The amplitude of the 
waves is: ~ 0.29D for 0.8 OVF; ~ 0.22D for 0.6 OVF and ~ 0.26D for 0.4 OVF. The 
larger the upward inclined angle, the shorter the distance downstream of the 
expansion at which the waves occur. Furthermore, the higher the input oil volume 
fraction within it flow regime (oil continuous or water continuous), the larger the 
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waves become. Subsequently, at the outlet end (34D), waves were only observed at 
WKHKLJKHVWLQSXWRLOYROXPHIUDFWLRQZLWKZDYH¶VDPSOLWXGHRIa' 
 
8.3 Flow patterns 
Liquid-liquid two phase flows through a sudden expansion evolve from a dispersed 
flow to a segregated flow. The flow patterns were observed along the test section. 
The flow pattern for Usme   PV LV VHPL-stratified flow. By increasing the 
mixture velocity, the flow pattern change to semi-mixed flow with wider mixture 
layer between the two separated phases. Further increase of the mixture velocity 
changes the flow pattern into a dispersed flow especially for water continuous flows. 
 
 
Generally, the flow patterns presented in this work are similar to that given by 
Vedapuri (1999). The difference is that the 4 layers observed in the present work 
which has not been reported in the previous studied. At a fixed inlet mixture velocity 
within the ST&MI regime, increase of the input oil volume fraction, the 4 layers 
thickness decreased. Layers of oil/water mist/oil/water were observed at high input 
oil volume fraction for horizontal and downward pipe orientation.  
 
Horizontal orientation is the best pipe position for a dispersed flow to evolve quickly 
to a segregated flow through the expansion within a relatively short test distance. 
However, for upward and downward inclinations the mixed layer tends to increase 
and slow down the evolution process. 
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8.4 Drop size distributions 
Drop size distributions in liquid-liquid system as a subjected to operating conditions 
(mixture velocities and input oil volume fractions) and pipe configurations 
(inclination angles) were obtained using a laser backscatter technique. Positioning of 
the probe at various axial locations of the test section and at various depths in the 
pipe has provided excellent drop size distributions without causing appreciable flow 
disturbance. These results are unique and comprehensive as they are not only 
represent the evolution of drop size distribution along the pipe expansion but also 
show the evolution of drops size distributions from the top to the bottom of the pipe 
cross-section. This technique measured the chord length distributions rather than 
drop diameter distributions. The chord length data was then converted to diameter 
distribution using a statistical technique reviewed in the literature. The drop diameter 
distributions obtained were then characterised by use of the Sauter Mean Diameter 
(SMD) and used in the discussion of the experimental data. 
 
The evolution of drops size distributions at various depths of the pipe cross-section 
was measured. It was discovered that the drops were large nearer the interface at the 
near position (10D) for all pipe orientations and throughout the test section for 
horizontal flow. Thus, from the present data, it is concluded that drop size decreased 
when the distance from the interface increased (further away) for these pipe 
configurations. Contrarily, at the furthest position from the expansion for upward and 
downward inclined pipe orientation, larger droplets could also be seen at distance 
away from the interface and vice versa.  
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Furthermore, the experimental results show that large drops were primarily found to 
be at the bottom of the pipe cross-section for high input oil volume fraction at low 
mixture velocity. This indicates that the mechanisms of coalescence occurred faster 
at the bottom than the other locations in a pipe cross-section. For a better separation 
design, the coalescence process should occur at the bottom within the length of then 
pipe. However, at higher mixture velocity the mixed layer would be responsible for 
the smaller droplet size for horizontal and both inclination of pipe orientation, 
whether it is upward or downward. The mixed layer dominated almost entirely in the 
pipe cross-section. 
 
The experiment results show a significant influence of both operating conditions and 
inclination angles on the drop size distributions. The results presented in this study 
can be used to optimise the separation processes involving liquid-liquid two-phase 
flow. 
 
Consequently, the understanding of characterisation of liquid-liquid flow through 
expansion is important for a successful development of the separator performances. 
Within the present work, knowledge of the stratifying of two immiscible liquids has 
been extended in several areas. Special consideration was given to the operational 
flow conditions and geometry of the pipe with the aim of enhancing the phase 
separation qualities of the phases. The evolution of drop size distribution axially and 
vertically of the pipe expansion were prudently observed. Hence, the experiments 
reported in this work certainly represent the most comprehensive study of the drop 
size distributions of the expansion.  
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8.5 Recommendations for future work 
 
In this work, the use of the wire mesh sensor on liquid-liquid system has been 
explored. It has been shown that it can be used to collect substantial amounts of 
novel and useful information in the present study. Even though the method is 
intrusive, the information it gives is valuable. Without such a technique, mapping the 
phase evolution across the cross-sectional area would be a difficult task to achieve. 
Furthermore, this technique captured the waves at the interface. The formation and 
subsequent evolution of interfacial waves in stratified system is an important 
phenomenon that needs further attention.  
 
The system used has not addressed the presence of any surface active materials. The 
presence of such substances has a bigger influence on coalescence. Even though a 
little attempt has been made here, this has to be investigated in greater detail in order 
to have a better understanding that requires for the design of inline phase separators.  
 
Even though the industry does not encourage the installation of internal structures 
such as honeycomb packing or plates could improve the phase separation. The 
influence of such modification could be attempted a modest effort to investigate the 
separation efficiencies. Detail investigation should include installing such internals 
after an expansion and monitoring the effect of the drop size distribution at 
downstream of the expansion. 
 
In the present work, only semi-stratified was achieved within the test section due to 
the length of the expansion part is not is enough for the fully stratification process to 
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happens. Therefore, it is suggested to use longer test section together with the 
aforesaid internal structures to accomplished fully stratified (ST) flow. 
 
Though numerous attempts have been made to predict the stratifying water-oil flow 
downstream of the expansion, there are still some issues that need further 
investigation. In order to better understanding these issues, i.e., the phase evolution 
of two phase liquid-liquid flows, more thorough full parameter space has to be 
investigated. There may be regions where the flow becomes unstable hindering the 
separation process. Even though it has not been observed in this work, the formation 
of interfacial tension waves has been observed.  
 
Pressure drop measurements along the axial distance should be carried out to 
complement the present data. These would be of interest for the phase separation 
predictions and in determining the nature of the pressure reversal phenomena 
occurred during the experimentation.  
 
$OWKRXJK DQ DGHTXDWH HIIRUW KDV EHHQ WDNHQ WR TXDQWLI\ WKH ZDYH¶V DPSOLWXGH WKDW
occurs at the interface between the water and mixed layer, further experimental study 
using WMS is recommended to be undertaken to produce and establish more 
concrete argument on the occurrences and properties of these waves.  
 
Though the existing database has been expanded by considering industrially relevant 
fluids, consideration should also be paid to investigate the effect of fluid properties 
(viscosity, density and interfacial tension) and temperature on the phase separation 
downstream of the expansion. For instance, altering the interfacial tension of the 
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liquids by addition of surfactant to the liquid-liquid dispersed flow to investigate the 
effect of coalescence and break up on pressure drop and its influence on the 
stratification downstream of an expansion. Such information would be useful in 
order to build on the preliminary investigation work completed and extend the work 
presented in Chapter 7 onto pipe flow.  
The current technique for converting chord length distribution to diameter 
distribution was found to be successful in the present work. In some cases it still 
need to be improved further to make sure the results obtained is beyond reasonable 
doubt. This could be achieved by improving the PAM2 by validating its data with 
other instrumentation data.   
 
The evolution of the mixed layer downstream of the expansion, presents the macro-
scale of the interaction of drops in dispersion. Therefore, to rectify this shortcoming, 
micro-scale information, i.e., drop size distribution profiles along the expansion and 
across the pipe cross section were attained from the Lasentec FBRM. However, it 
would be of great advantage if the size distribution data was also obtained from the 
WMS. It is therefore encouraging if the instruments could have directly or indirectly 
validated each other by producing drop size distribution results. Nevertheless, further 
improvisation of WMS, especially on the spatial resolution is needed. As up to date, 
the WMS manufacturers is in the final stage of the development of drop size 
distribution software, and soon the software will be launch and available to be 
applied in the future research. Furthermore, drops size could also be measured with 
more sophisticated instrumentation which is now available at the University of 
Nottingham, such as Super High Speed Camera and Boroscopic camera.     
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Last but not least, it would be a useful aid to the understanding of flow development 
if more drop size distribution profiles along the expansion and across the pipe cross 
section at different distances from the expansion, and for different expansion ratios 
could be established. Furthermore, a systematic study of flow development in 
different diameter pipes would add greatly to the current knowledge. 
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 Figure 2A.1: Experimental flow pattern map, horizontal Russell et al. (1959) 
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Figure 2A.2: Experimental flow pattern map, horizontal Guzhov et al. (1973) 
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Figure 2A.3: Experimental flow pattern map, horizontal Oglesby (1979) 
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Figure 2A.4: Experimental flow pattern map, horizontal Cox (1985) 
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Figure 2A.5: Experimental flow pattern map, horizontal Nadler & Mewes (1995) 
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Appendix 2B 
 
PAM 2.1. 
Converts chord distribution to diameters using Bayes theorem, assumes random cuts 
on spheres or circles. Langston et al Powder Technology 116 (2001) 33-42 
 
clc 
clear all 
%particle diameter bins, length units as per user 
dl = 0.01; 
dh = 1; %50; largest diameter 
nd = 100;  % no. dia bins 
ndw= 100; %no. chord bins for analysis 
 
p = zeros(1,nd); 
pn = zeros(1,nd); 
diam = zeros(1,nd); 
ph = zeros(ndw,nd); 
dw = zeros(1,ndw); 
pht = zeros(1,nd); 
prhit= zeros(1,nd); 
fq = zeros(1,nd); 
 
data = xlsread('.xlsx'); % read excel file 
[m,ncut] = size(data);   % ncut =  number of chord bins measured 
chordl = data(1,:); % chord sizes measured 
pchordl = data(2,:); % probabilities 
pchordt = sum(pchordl);   
disp(pchordt) % check equal unity 
 
 
dband = (dh-dl)/nd; 
for i = 1:nd 
    diam(i) = (i-0.1)*dband; 
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    pn(i) = 0; 
    fq(i) = 1/nd; % initialise frequency      
end 
 
dwidth=dh/ndw;   % width of analysis chord bins 
for j = 1:ndw 
    dw(j) = (j-0.1)*dwidth; %  analysis chord bin sizes 
end 
 
for i = 1:nd 
    d = diam(i); 
    pht(i) = 0; 
    for j = 1:ndw 
        d1 = dw(j) - 0.1*dwidth; 
        d2 = d1 + dwidth; 
         
        if (d2 <= d) 
            ph(j,i) = (sqrt(d*d - d1*d1) - sqrt(d*d - d2*d2))/d; 
        else 
            ph(j,i) = 0;  % probability hit chord j given particle i 
        end 
        pht(i) = pht(i) + ph(j,i); % check should sum to unity 
    end 
end 
 
disp(pht)   % check output 
disp(diam) 
 
iter = 0; 
n_iter=10; % no. iterations between output 
igo = input('Start iteration type 1: '); 
while (igo == 1)     %  could use a for loop if many iterations required 
 for iter=1:n_iter   
        prhitt = 0;                              %  step 2  
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    for i = 1:nd 
        prhit(i) = fq(i)*diam(i); 
        prhitt = prhitt + prhit(i); 
    end 
    for i = 1:nd 
        prhit(i) = prhit(i)/prhitt; 
        pn(i) = 0; 
    end 
     
    for k = 1:ncut                            % step 3 
        cl = chordl(k); 
        j = round(cl/dwidth + 0.5);   % identify analysis chord bin 
        pt = 0; 
        for i = 1:nd 
            p(i) = ph(j,i)*prhit(i); 
            pt = pt  + p(i); 
        end 
         
        if (pt ~= 0)                            % step 4 
            for i = 1:nd 
                p(i) = p(i)/pt; 
                pn(i) = pn(i) + p(i)*pchordl(k); 
            end 
        end 
    end 
    fqtot = 0;                                     % step 5 
    for i = 1:nd 
        prhit(i) = pn(i); 
        fq(i) = prhit(i)/diam(i); 
        fqtot = fqtot + fq(i); 
    end 
    for i = 1:nd 
        fq(i) = fq(i)/fqtot; 
    end 
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end 
 
    disp(fq)                                         % step 6 
% hold on 
%plot (diam,fq,'b') 
%xlabel ('Diameter') 
%ylabel ('Fq') 
%plot (diam,pht,'r') 
%xlabel ('Diameter') 
%ylabel ('pht') 
%hold off 
igo = input('Continue?: '); 
end 
     
disp (diam) 
disp (fq) 
disp (pht) 
 
xlswrite('filename.xlsx',diam,'B1:CV1'); 
xlswrite('filename.xlsx',fq,'B2:CV2'); 
xlswrite('filename.xlsx',pht,'B3:CV3'); 
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Appendix 3A 
 
OPERATION PROCEDURES 
 
1. The tilting beam is stored horizontally. It should be positioned at the required 
angle before start up. I should be returned to the horizontal position after shut 
down. Ensure that the flexible pipes (at the inlet and outlet of test section) are 
not snagged when moving the beam. The safety pin should be in place at all 
position and at all times other then when it is being moved. 
 
2. Visual verification of normal electrical conditions and the test rig. 
 
3. Start-up procedure for rig (referring to Figure 3.1): 
a. Check silicone and water tank levels. Make sure both hold sufficient 
  liquids. 
b. Make sure all the valves for both pumps (Silicone and water) are  
open. 
c. Make sure inlet valves (V1 and V2) for both liquids are open at all  
time before starting the pump. 
d. Return valves (V3 and V4) for both liquids MUST always be open  
before start. 
e. Rotameter valves (V5 and V6) for both liquids MUST always be  
closed before start. 
f. Switch on the water and silicone pumps. 
g. Close both water and silicone separator outlet valves (V7 and V8).  
h. Adjust rotameter valves (V5 or V6) opening to get desire flow. 
i. Higher liquids flow can be achieved by manipulating the return  
Valves (V3 and V4). 
4. Shut down procedure for the rig: 
a) Open fully the return valves (V3 and V4) for both liquids. 
b) Close completely both liquids rota meter valves (V5 and V6). 
c) Switch off the pumps. 
5. Emergency shutdown procedure: 
a) Press emergency stop button (e-stop) located on the right wall, next to  
the rotameters. 
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Appendix 7A 
 
Interfacial tension measurement ± Drop weight method 
Interfacial tension were measured by mean of drop weight method as proposed in the 
Practical Physical Chemistry (James, 1967). Figure 7A.1 show the experimental set 
up for the interfacial tension measurement. The syringe was completely filled with 
heavier liquid (water), and then clamped the syringe so that the needle immersed in A 
ml kerosene (in 250 ml beaker). Initial weight of the apparatus was taken. The drops 
of the water are formed at a dropping tip of a ground cylindrical needle with sharp 
edge which dips into the lighter liquid (kerosene) contained in the weighing beaker 
shown in Figure 7A.1. With extreme care, a single drop of water is then forced to 
form and fall in the beaker and repeated for X drops (e.g. 10 drops). The current 
weight of the beaker is now containing kerosene plus water drops. The difference of 
apparatus (initial weight and current weight) is the weight of X drops. If the densities 
and weight of the two liquids are known, the average volume of the drops or single 
drop can be calculated.  
 
Figure 7A.1: Set up for interfacial tension measurement. 
 
Once an averaged value of the drop volume, v is obtained. FXUWKHUPRUHWKHȡ1 DQGȡ2, 
water and kerosene density respectively, external radius of the needle, r and 
correction factor, F (Figure 7.1), are known. Therefore the interfacial tension can 
simply be calculated using equation 7.4.  
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Interfacial tension measurement of water-kerosene with surfactant added was 
performed. The experimental results WKHQEHFRPSDUHGZLWK$QWRQRII¶VUXOH (eq. 7.5) 
to make sure the result obtained is reasonable and acceptable$QWRQRII¶V UXOH VD\V
that the interfacial tension between two liquids is approximately equal to the 
difference between the surface tensions of the two liquids.     
 
 
 
